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PEEFACE. 



Another Edition of this Treatise having been called for, we 
have thought it best to reproduce the work (with necessary 
corrections) as re-written by Mr. Charles T. Porter a few 
years ago. 

A drawing of the original Indicator is shown in this 
work, also one of the Indicators up to date, several con- 
structional improvements and additions having since been 
made to the instrument, and we shall be glad at any time 
to furnish full descriptive particulars and prices to any one 
who may require them. 

At the end of the book we show the latest ** Wayne '* 
Indicator, and give a short description of same. 

ELLIOTT BEOTHERS, 

Manufacturers. 

Sole Address: 

101 & 102 St. Mabtin's Lane, 

London, W.O. 



ADVEETISEMENT. 



In introducing EichardB' Improved Steam-Engine Indicator, 
we desire to call the attention of the numerous class who, as 
constructors, managers, or owners, are interested in the steam- 
engine, to the advantages which it possesses. In the following 
pages all necessary information is famished concerning the 
instrument and its application, and such instruction is given to 
those who are not already skilled in the use of the Indicator, as 
will enable them to employ it to the best advantage. 

The Indicator was invented by Watt. For some time it was 
kept by him a secret, but became knovm before his death, and 
to its use, now quite general, we are more indebted than to 
anything else for the degree of excellence which the steam- 
engine has attained. The employment of more rapid velocities 
of piston, with higher pressures of steam, and higher grades 
of expansion, which has become so extensive, and promises 
ultimately to be universal, has greatly increased the importance 
of the Indicator, since this is the only means as yet known, by 
which the engineer can render himself familiar with the action 
of steam under these new conditions. Unfortunately every 
form of this instrument has hitherto failed in its application to 
engines of this class. The long and tremulous spring used 
in them was put in a state of violent oscillation by the 
momentum of the piston and its attached parts, and the result 
was a serrated figure, from which but little information could 
be extracted ; so that, after a time, attempts to employ the 
Indicator in this important and rapidly enlarging field were 
mostly abandoned. 

Under these circumstances, the appearance at the Great 
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Exhibition of 1862, of the improved form of this instrnment, 
invented by Mr. Charles B. Eichards, an engineer at Hartford, 
Connecticut, U.S., may not improperly be regarded as an event 
of some importance. The action of this Indicator was found to 
be quite perfect, under the severest tests to which it could there 
be subjected, and recently ii has been still more thoroughly 
tried, on an express engine on the London and South- Western 
Hallway, and its performance has more than realised the 
expectations formed of it. Two instruments, among the first 
manufactured by us, were employed, with which nearly two 
hundred diagrams were taken, on a trip to Southampton and 
back, at pressures varying from 80 lbs. to 130 lbs., at rates of 
motion varying from the slowest up to 260 revolutions per 
minute, giving a speed of 55 miles per hour, and at all points 
of cut-off; and they were found uniformly to work with the 
same steadiness at the highest velocity as at the lowest, and at 
the earliest point of cut-off as at the latest. Copies of a few 
of the diagrams are here given. 

Owing to the greatly increased speed and high pressures at 
which engines are now worked, it has been found necessary to 
introduce a new form of Indicator to meet this want, and we 
have succeeded in producing an efficient instrument to indicate 
correctly at speeds up to 1000 per minute, without increasing 
the friction or inertia of the moving parts. (See description at 
end of this edition.) 

We have only to add, that no pains have been spared to 
attain, in the manufacture of these instruments, the highest 
degree of accuracy and excellence, and that, if the directions 
here given are attended to, their indications may be implicitly 
relied on. 

ELLIOTT BROTHEKS, 

Sole Manufacturers. 

XOl & 102 St. Martin's Lane, London. 
1894. 
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RICHARDS INDICATOR AS ORIGINALLY MADE. 



THE 

RICHARDS IMPROVED 

STEAM-ENGINE INDICATOR. 



PART FIRST. 



SECTION I, 

THE NATURE AND USE OF THE INDICATOR. 

The Steam-Engine Indicator is an instrument designed to show 
the pressure of steam in the cylinder at each point of the 
piston's stroke. It does this in the following manner. A 
j)encil, moving np and down with the varying pressure of the 
steam, draws a line on paper, which has at the same time a 
motion forward and backward, coincident with that of the 
piston. The paper is placed on a drum, which is caused, while 
the piston is advancing, to make about three-quarters of a revo- 
lution, by means of a cord connected with a suitable part of 
the engine, and is brought, while the piston is receding, back 
^ to its first position by the reaction of a spring. 

The pencil is attadhed to a small piston of carefully deter- 
mined area, which moves without sensible friction, and the 
motion of which is resisted by a spring of known elastic force. 
In adapting the Indicator to English measurements, the area 
of the piston is made equal to a certain fractional part of a 
square inch; and the spring by which its motion is resisted is 
BO proportioned in strength, that a change of pressure of one 
pound on the square inch shall cause the pencil to move 
through a certain fractional part of a linear inch. 

The pressure of the atmosphere is always on the upper side 
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of the pictton, and when the oommnnication with the cylinder 
of the engine is olosed it is on the under side also ; and if then 
the motionless pencil be applied to the moving paper, it will 
draw on it a straight line, which is called the atmospheric line. 
When the communication is opened between the under side of 
the piston and one end of the cylinder of the engine, the piston 
will be forced upward by the pressure of the steam, or down- 
ward by that of the atmosphere, as the one or the other pre- 
ponderates ; and if now the pencil be applied to the moving 
paper it will describe, during one revolution of the engine, a 
ftgure, each point in the outline of which will show, by its 
distance above or below the atmospheric line, the pressure in 
that end of the cylinder when the piston was at the corre- 
sponding point of its forward or return stroke. 

The diagram thus described shows on inspection the follow- 
ing particulars, viz. : what proportion of the boiler-pressure is 
obtained in the cylinder — how early in the stroke the highest 
pressure is reached — ^how well it is maintained — at what point, 
and at what pressure, the steam is cut off— whether it is out off 
sharply, or in what degree it is wire-drawn — at what point, and 
at what pressure, it is released — in a non-condensing engine, 
whether it is freely discharged, or what proportion of it remains 
to exert a counter-pressure additional to that of the atmosphere 
— in a condensiDg engine, the amount of the vacuum, and how 
quickly or gradually it is obtained— and in both daises of 
engines, whether, before the commencement of the stroke, 
there is any compression of the vapour remaining in the 
cylinder, and if so, at what point it commences, and to how 
high a pressure it rises. From the diagram, the mean pressure 
exerted during the stroke to produce and to resist the motion 
of the piston may be ascertained, and thus the engineer may 
come to know accurately the amount of power required to 
overcome the whole aggregate resistance on the engine; and 
also, by taking separate diagrams for each, the power requir^ 
by each of the several resistances or classes of resistance 
separately. He may endeavour also to ascertain the causes of 
the various features presented in the diagram, and thus to learn 
the effect produced by this or that form or arrangement of the 
parts, and to detect any imperfection in their construction or 
action. 

It must be borne in mind, that the Indicator shows only the 
pressure at each point of the stroke ; to represent this faithfully 
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18 its sole officBi. It tells nothing about the causes which have 
determined the form of the figure which it describes. The 
engineer concludes what these are, as the result of a process of 
reasoning, and this is the point where errors are liable to be 
committed. Conclusions which seem obvious sometimes turn 
out to have been wrong, and the ability to form an accurate 
judgment, as to the causes of the peculiarities presented in the 
diagram, is one of the highest attainments of an engineer. 

The variety of diagrams given by different engines, and by 
the same engine under different circumstances, is endless ; and 
there is perhaps nothing more instructive to the student of 
engineering, as there is nothing more interesting to the accom- 
plished engineer, than their careful and comprehensive study, 
with a knowledge of the niiodifying circumstances under which 
each one was taken. Lines which at first appeared meaningless 
become full of meaning ; that which then scarcely arrested his 
attention comes to possess an absorbing interest; he becomes 
acquainted with the innumerable variety of vicious forms, and 
learns the points and degrees, as well as the causes, of their de- 
parture from the single perfeet form ; he becomes fiiniiliar with 
the effects produced by different constructions and movements 
of parts, and competent to judge correctly as to the performance 
of engines, and to advise concerning changes by which it may 
be improved ; he ceases to be a mere imitator of noiaterial shapes, 
and learns to strive after the highest ezcellenoe, and at the 
fame time to comprehend its conditions* No one at the present 
day can claim to be a mechanical engineer who has not become 
&miliar with the use of the Indicator, and skilful in turning to 
practical advantage the varied information which it furnishes. 

Besides its employment on the cylinder, we must not omit, in 
this brief summary of the uses of the Indicator, to note its 
application to boilers, to the steam and exhaust-chambers, and 
to the condenser and air-pump, and also to vessels of whatever 
nature in which either elastic or inelastic fluids are under 
varying pressures. These uses of the instrument will be con- 
sidered in theii* appropriate place. 

Diagram No. 1, on the next page, was taken in the year 1861, 
from one of the engines of a then well-known steamship, the 
Africa^ of the Ounard Line ; and is introduced here to illustrate 
the application of the Indicator, as above described. 

It reminds us also of the great advance which has been made 
in marine engineering since the day when such diagrams wei:e 

B 2 
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regarded as admirable. Within how short a time have the 

' elass of engines that gave them become, like the paddle-wheels 

which they revolved in ocean navigation, not only antiquated 

' jij^; , Int almost forgotten I 

^1« * The several lines on the diagram will be designated in this 

'^i^^.'-IVBatise as follows, reference being had to the foregoing 

"^■.igure:— 

.■' ; ^ 

' J*" . I. Bask Lines. 

r * A B is the atmospheric line^ drawn in the manner above 

' ' Acplained. 

... • C D is the line of perfect vacuum. This cannot be drawn by 
liie Indicator, but must be drawn by hand, parallel with the 
iMfmospheric line, and at' the proper distance below it to 
tepreaent the pressure of the atmosphere, as shown by the 

* ^ iNuroineter, according to the scale of the diagram. When the 

' aetnal pressure is not known, it is to be assumed at 14*7 lbs. 

#n the square inch, corresponding almost exactly with 80 inches. 

W mercury, which is about the average pressure at^ the level of 

■ lihe sea. The barometric column falls one one-hundredth of its 
; ik^ght for every 262 feet of elevation above the sea level. 

£ F is the line of boiler pressure. This can be drawn by the 
- Zndicator set upon the cylinder only when the engine is at rest, 
%eing prevented from moving, while an equilibrium of pressure 
is eerablished between the boiler and cylinder. It may, how- 
^fefver, be drawn when the engine is in motion, by placing the 
fisdicator on the boiler, or, when the flow of steam into the 
' tj^linder is stopped early in the stroke by cutting off, by placiug 
§t on the steam-chest. Or, the gauge having been proved by 

■ flie Indicator, this line may then be drawn in by hand, parallel 
• %riLth the atmospheric line, according to its indication. 

**» 

II. Divisions of the Outline drawn by the Instrument 

\' ^ ' DURING A EevOLUTION OF THE EnGINB. 

These are as follows : — 

a &, the admission line ; 

h c, the steam line ; 

c dy the expansion curve ; 



, ^ 



d e, the exhaust line ; 

efy the line of counter-pressure ; and 

/ a, the compression line. 



Of these divisions, the first four are drawn during the 
forward stroke of the piston, and while it is at, or very close Jto, 
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the termination of its stroke, and the last two are drawn during 
the return stroke. 

Z%e admisBian Une shows the rise of pressure, from the point 
at which the valve oommences to open the port admitting steam 
from the chest to the cylinder, until the highest pressure is 
reached. In some engines this will not be completed until the 
piston has advanced more or less in its stroke. 

Z%e steam Une marks the interval during which the steam, 
after having reached its full density in the cylinder, continues 
to flow into it in order to maintain this density and correspond- 
ing expansive force more or less completely behind the moving 
piston. It extends from the termination of the admission line 
to the point at which the return movement of the valve has 
completely covered the port, which is called the point of 
suppression, or cut-off. Ordinarily this point cannot be iden- 
tified on the diagram, because the gradual contraction of the 
port causes a fall of pressure in the cylinder, sometimes very 
considerable, before the closure is completed. Such was, in a 
moderate degree, the case in this instance, where the port was 
closed at some unknown point considerably beyond e. 

The easpandon cwne represents the fall in the density or 
pressure of the steam confined in the cylinder, consequent upon 
the enlargement of its volume by the advance of the piston, 
from the closing of the admission-port to the opening of the 
passage for its release or discharge. A theoretical expansion 
eurve has also been drawn in by hand on this diagram, from 
the point <v taken at three-eighths of the stroke, which is con- 
siderably before the actual closing of the port. This is for use 
hereafter. 

The exhaust Une shows the fall of pressure caused by the 
release or discharge of the steam, from the point at which the 
valve commences to open the exhaust passage, until the piston 
has commenced its return stroke. Sometimes the point of 
release cannot be identified on the diagram, but on this one it is 
sharply indicated, and the fall of pressure is rapid. 

The Une of counter-presmre extends from the commencement 
of the return stroke to the point at which the exhaust passage 
is dosed. This latter point Is here, like the point of release, 
exactly shown ; as we should expect that it would be, since the 
closure is produced by the reverse movement of the valve, 
passing the same point with the same velocity as when it 
effected the release. 
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The eompresrion line extends from the latter point to the end 
of the return stroke. It shows the increase in the density, or 
rise of pressure, of the confined steam, from the diminution of 
its Tolume caused by the completion of the return stroke, at the 
end of which it has been compressed into the space afforded by 
the clearance and passages. 

The scale of this diagram is marked at the commencement. 
The diagram is divided into ten equal parts, by lines drawn 
perpendicular to the atmospheric line, and lines parallel with 
this line are also drawn at intervals of five pounds' pressure. 
The object of these is to enable the engineer to observe more 
accurately the features of the diagram, and to ascertain the 
mean pressure exerted during the stroke, the mode of doing 
which will be explained hereafter. 

From an examination of this diagram, we conclude that the 
exhaust-port was covered at the point / of the return stroke, 
and l^e vapour remaining in the cylinder was then compressed 
by the advance of the piston to a density, at the commence- 
ment of the forward stroke, of about five pounds above the 
atmosphere. The port was then opened for admission, and the 
pressure instantly rose to fourteen and a half pounds above the 
atmosphere. The port being. opened wider and wider, this 
pressure was maintained behind the piston to a point beyond c, 
at which it began to fall, at first very slowly, from the gradual 
closing of the port by the return movement of the valve. The 
J)oint at which the port was covered cannot be identified. It 
was considerably beyond the point «, and the steam line 
continues to the point of cut-off, however much the pressure 
may fall before l^t point is reached. At the point (2, the 
pressure had fallen by expansion to two pounds above the 
atmosphere. Her& the valve began to open communication 
with the condenser, and before the piston commenced its return 
stroke the pressure on this side of it fell to nearly ten pounds 
below the atmosphere, and almost immediately after a vacuum 
of twelve pounds was formed; and when the return stroke was 
two-thirds accomplished, the coimter-pressure suddenly fell 
half a pound lower, and this vacuum was maintained until the 
exhaust-port was closed at the point /. We shall refer to this 
diagram again, when on the subjects of calculating the power 
of the engine from the diagram, and of working steam ex« 
pansively; but will point out here an excellent illustration 
which it affords of the practical value of the Indicator ^ provided 
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the intelligence and care to observe and follow its indication« 
are found in the engineer. 

A singular rise of pressure will be noticed in the expansion 
curve, and also on the line of counter-pressure a sudden im- 
provement in the vacuum, which has already been mentioned. 
These have a cause, and no competent engineer would rest till 
he had found it. They take place, it will be seen, at points 
about equally distant from the terminations of the forward and 
the return strokes. It is therefore probable, though not certain, 
that their cause is one and the same. It would seem as if 
nothing but a leakage from the chest into the cylinder could 
occasion a rise of pressure like this during the expansion; 
and if so, then it was suddenly stopped at the point indicated 
in the diagram. If this leak occasioned also the loss of vacuum 
shown, and the stoppage of it produced the improvement, then 
it must have been a big one. There was reason to apprehend 
here the existence of a serious defect, involving a great 
waste of steam, which, but for the Indicator, might never be 
suspected. 

The rise of the compression line, also, is more rapid than 
could have been produced by compression of the confined steam. 
This must have been supplemented by leakage from the che^jt. 
We shall see by-and-by how this is to be detected. 

The necessity for the employment of the Indicator, if any- 
thing except the wildest guess-work respecting the condition, 
or performance, or power of an engine, is expected, has its 
frequent illustration in the experience of every engineer 
aecustomed to its use. 

The writer was at one time applied to to supply a hundred 
horse-power engine for a certain manufactory. •' Are you quite 
sure that you will require an engine of that size ?** "0 yes : 
our consulting engineer, in whose judgment we place entire 
confidence, [who, by the way, was the patentee of the boiler 
used], tells us that we are using fifty horse-powers now [of 
course, with admirable economy], and we are expecting to 
double our capacity, and so shall need a hundred horse-powers 
in the new engine." "Has your engine been indicated?" 
"No." "How has your engineer determined the power?** 
" That we know nothing about" We proposed to measure the . 
power they were then using. The consulting engineer was. 
indignant and supercilious; but, since we would be answer- 
able for its economical performance, we declined to furnish th& 
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engine unless we could ascertain for ourselves the power 
required. 

The Indicator, when applied, showed 90 lbs. pressure in the 
boiler, to be reduced, by means of a small and crooked pipe, to 
45 lbs. in the cylinder, the back-pressure of the atmosphere to 
be increased by 7 lbs. additional resistance of the steam, and 
the total power exerted by the engine to be 25 horse-powers, of 
which 14 wei*e exerted to drive the shafting ; so that when the 
enlargement of the works should be completed, no more than 
40 horse-powers would be required. 

An engine was running to furnish auxiliary power in a mill 
where an aggregate water-power was used of 700 or 800 hoi-se. 
It was represented and believed to be exerting 200 horse-powers, 
and the economy was quite astonishing. The application of 
the Indicator confounded all parties by showing only 60 horee- 
powers exerted by that engine. 

What foolish misadaptations are sometimes made for the want 
of the information the Indicator will give I The writer saw, 
some years ago, in Manchester, a beam-engine of respectabla 
size, with air-pump to correspond, supplied to exhaust the 
pipes of the atmospheric telegraph. It was found to be 
almost impossible to carry a sufficiently low pressure, or to 
run at sufficiently slow a speed. An engine which two men 
could have lifted would have done the work, and done it 
better. 

The use of the Indicator makes the engineer sure and safe in 
his calculations of power. We had to supply a pair of small 
engines to drive two electro-magnetic machines for Professor 
Holmes' Light-house at the Paris Exposition in 1867. The 
requirement was that either engine should drive either or both 
machines. We went up to London, and ascertained by appli- 
cation of the Indicator the power required to drive one similar 
machine, and proportioned the engines accordingly, knowing 
the steam-pressure on which we could rely. When a start was 
to be made at Paris, in the presence of a large company, at first 
nothing would move ; with every exertion both engines could 
not even be made to drive one machine, except at a snaiFs pace. 
The Superintendent of the British Mechanical Department was 
rash enough to declare — " There has been a great blunder made 
here in providing the power." Knowing that the trouble was 
not in the engines, we requested both machines to be dis- 
connected ; when, as we expected, both engines, with the steam 
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following the piston as far as possible, oonld not drive the 
intermediate gearing. On examination, this was found to be 
80 defective that it oonld not be mn. Proper gearing was pro- 
cured to replace it, and on the next trial one engine, when 
cutting off the steam at oneHsixth of the stroke, proved exactly 
suited to drive the two machines, as intended. 
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SECTION II. 

OP TEUTH IN THE DIAGBAM, 

It is of conrse of the first importance that the diagram given hj 
the Indicator shall he true. Causes of error appear at every 
point, and the degree bf falsity arising therefrom increases 
greatly with an increase in the rate of revolution of the engine. 
It is not possihle to he too critical in using the Indicator 
especially at high speeds ; the errors we are not conscious of 
are the ones sure to mislead us. 

The canditiona of a correct diagram are — Ist, that the move- 
ments of the paper shall coincide exactly with those of the 
piston; and 2nd, that tbe movements of the pencil shall 
timvltaneoudy and precisely represent the changes of pressure 
in that end of the cylinder to which the Indicator is attached. 

Ist. Errors in the motion of the paper, — The common errors 
in communicating motion to the paper are of two kinds — those 
which arise out of the movements employed, and those which, 
when the movements are correct, are occasioned hy a high 
velocity of the parts : hut with proper care these may all be 
avoided. We shall mention them in detail presently, in con- 
nection with instractions for applying the Indicator. 

2nd. Errors in the motion of the pencil. — These are of a more 
serious nature. The spring may be accurate, but, in all the 
forms of the Indicator hitherto in use, its unavoidable lengtJi 
and weakness, and its weight, joined to that of the piston and 
other attached parts, and the distance through which these 
must move, in order that the indications may be on a scale of 
sufficient magnitude, render it impossible to obtain from engines 
which run at any considerable speed dia^ams which can make 
any claim, to accuracy. The two following diagrams, Nos. 2 
and 3, afford good illustrations of this. They are fair average 
samples of a large number taken in February, 1856, by the late 
Daniel Kinear Clark, from the locomotive '* Canute," on the 
London and South- Western Bailway, with an Indicator of the 
best construction then known, and which had been expressly 
prepared for the purpose. The speed and pressure are not 
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noted on the originals, which are here reproduced exactly. 
The attempt to conjecture what the true form of these diagrams 
should be — to learn from them, for example, what proportion of 
the boiler-pressure was obtained in the cylinder, and how much 
the pressure fell before reaching the point of cut-off, at the 
speed of piston employed — points which it is of the highest 
consequence to ascertain — is clearly hopeless. It is to be 



L^. 
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-^ y. 



observed also that the pencil does not, in either ^^'^^^ follow the 
same line during two successive revolutions of the engine, but 
describes quite different figures. 

Until the cause of these vibrations was revealed by the 
Eichards Indicator, the opinion had become quite general among 
engineers who h^d most attentively considered the ^subject) that 
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they represonted actual pulsations of the steam in the cylinder. 
{See Clark's Railway Machinery, pp. 72, 73.) The Eichards 
Indicator was applied to the same engines, and lo I there were 
none. This is a remarkable illustration of how experience and 
the greatest acumen may be misled, and of the method of varied 
experiment, by which alone the proper understanding of any 
qieration of nature is to be got. 




But other errors, not so obvious, arise from the same causes. 
The long spring cannot be fully or nearly compressed without 
bending^ when one side of it presses against the surface of the 
case in which it is confined, and the piston is forced against the 
opposite side of the cylinder, and from both the bending and 
the friction errors in the diagram necessarily result. The 
distance through which the piston moves, moreover, makes it 
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impoSMiUe that ohaoges of pressuxB ehall be simiiltaneoiiBlj 
indioated ; the piston of the engine niiut travel while the action 
is taking place, and thna the diagram ehows the changes of 
pressure later, or more gradually than the fact At high 
speeds this becomes a serions error. In addition to this, the 
distance through which the piston of the Indicator moves 
occasions a fall of pressure between the cylinder of the engine 
, and that of the Indicator, which also beoomes of consequence 
at high Telodties. For the purpose of diminishing this most 
obviously bad action of Indicators, it has been nsnid to make 
them with small areas of piston — generally one quarter, some- 
times even one-eighth of a square inch ; but it is questionable 
if this does not rather increase the number and magnitude of 
the errors. The spring, the length of which cannot be reduced, 
becomes exceedingly blender, very slight friction checks its 
play, the atmospheric line cannot be drawn with piecision, and 
the reaction on fall of pressure is feeble. 
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SECTION III. 

DESCBIPnON OP THE BICHABDS INDIOATOB. 




This Indicator is oonstracted on a plan by wUch it is fonnd 
that the defects pointed out in the pieoeding section are quite 
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avoided, and oorreot diagrams are obtained under all cironm- 
Btances. The fprinoipal distinguishing features of this instru- 
ment are^ a short and strong spring, a short motion of piston, 
and light reciprocating parts, combined with a considerable 




area of cylinder, and an arrangement of levers and a parallel 
motion, for multiplying the motion of the piston in such a 
manner that the diagram is described in the usual way and of 
the ordinary size. The proportion between the motion of the 
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piston and that of the penoil is a matter of discretion ; that 
-which has been adopted is 1 to 4, and the steadiness with which 
the indication is drawn by these instruments, even at the 
liighest speeds of piston, leaves nothing to be desired. 




The diagrams numbered 4, 5, 6, 7, are fair samples of a large 
number taken with this Indicator from the locomotive " Eagle," 
on the London and South- Western Kailway, in April, 1863. 
In three of them the pencil was held to the paper during a 

o 
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number of revolutions; in diagram No. 6 it passed over the 
paper only once and a half. They are introduced here to'^show 
the correct action of the instrument : we shall hereafter have 




occasion to consider them also as illustrations of working steam 
expansively. 

In respect to the ability of these Indicators to give diagrams 
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which shall be perfectly aeeurcUe^ free from occult as well as 
from palpable errors, it is to be observed that the spring moves 
without any tendency to bend, and the motion of the piston, 
and the length of cylinder to be filled with steam as the piston , 
rises, is one-fourth of that in the ordinary Indicator. It is 
assumed also that if the motion could be frictionless, then the 
approach to simultaneousness in the action of an Indicator 
would be in a direct ratio to the strength of the counteracting 
feroes existing in the pressure of the steam on the one side of 
the piston, and the resistance of the spring on the other, and in an 
invQine ratio to the distance through which the piston has to 
move uipon any given disturbance of their equilibrium. But, 
moreover, the motion cannot be absolutely frictionless ; and if 
ili5 friction should be equal in two Indicators of. different 
strdtkes, then the resistance from it would be, in each one, 
diioetly as the length of its stroke ; and if the resistance from 
frietum should be equal in two Indicators having different 
areis of piston, then its effect on the diagrams given by them 
woidd be in an inverse ratio to the areas of the pistons. In 
eveiy view which can be taken, it is evident that the features 
emliodied in this indicator — ^namely, a strong spring, short 
motion of piston, and light moving parts, combined with a 
roasonnbly large area of piston — ^are essential for the attainment 
of troth in the diagram. 

3FKe fnoHan of the pencil, — A correct motion of the piston 
having been obtained, the question presents itself: — ^How shall 
the motion of the pencil be made to represent this, on any 
mi^aified scale, accurately at every point ? This problem has 
betm very happily solved by the inventor of this instrument, 
bj ma application of the parallel motion. The opposite diagram 
r qpioflo nts the movements of the light steel arms employed fok* 
ibjt purpose. 

AB is the line of motion of the piston, extended for conveni- 
enoe of representation, and C D that of the pencil. The dotted 
line^ £F, represents a lever, which turns on a fulcrum at E, 
and vibrates in the arc G H. It is connected by the link F I 
with the arm I E, which vibrates about the point K, in the arc 
L M. These are so placed that the centre, N, of the link F I, 
at which point the pencil is fixed, moves in the line C D, parallel 
with the line A B. The lever, E F, is connected at the point 
with the piston-rod, by the link P, parallel with the link 

c 2 
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PI, and Bince EO : EF : : OP : FN, it follows that the links 
O P and P I, if parallel in one position of the levers, will be so 
also in every position; a straight line will always connect 
the points E, P, and N, and the motion of the point N in the 




line C D will perfectly represent that of the point P in the line 
AB. 

General construction of the Indicator, — The parallel motion is 
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made as compact as possible. For tbis purpose a lever of tbe 
tbird order is employed to multiply tbe motion, and tbe 
extremities of tbe line drawn by tbe pencil are permitted to 
bave a sligbt curvatare, as sbown in tbe diagram, wbicb consi- 
derably reduces tbe lengtb of tbe rods, and does not affect tbe 
usefulness of tbe instrument, tbe curvature at tbe lower end 
being below any attainable vacutim, wbile tbe extremity of tbe 
scale above is rarely employed. 

Tbe Indicators are made of a uniform size, tbe area of tbe 
cylinder is one-balf of a square incb, its diameter being • 7979 of 
an incb. Tbe piston is not fitted quite steam-tigbt, but is 
permitted to leak a little; tbis renders its action more nearly 
frictionless, and does not at all affect tbe pressure on eitber side 
of it. It must be distinctly understood tbat leakage, unless 
it be sufficient to add to tbe atmospberic pressure above 
the piston, cannot affect tbe accuracy of tbe indications. 
Absurd devices bave even been patented for keeping tbe piston 
tigbt, vrbile tbe one tbing needful is absolute freedom of 
motion. 

Tbe motion of tbe piston is || of an incb, and tbe motion of 
fbe pencil, or extreme beigbt of tbe diagram, is 3|- incbes. Tbe 
paper cylinder is 2 incbes in diameter, and tbe lengtb of tbe 
diagram may be SJ incbes, if tbis extent of motion is given to 
the cord. Tbe best lengtb is about 4*5 incbes. Tbe diagram 
is drawn by a pointed brass wire on metallic paper. Tbis 
is a great improvement over tbe pencil ; tbe point lasts a long 
time, cannot be broken off, and is readily sharpened, and the 
diagram is indelible. The steam-passage has two or three 
times the area usually given to it. The stem of the Indicator 
is oonical, and fits in a corresponding seat in the stop-cock, 
where it is hold by a peculiar coupling, sbown in section in tbe 
aooompanying cut of the Indicator. Tbis arrangement permits 
the Indicator to be turned round, so as to stand in any desired 
position, when, the coupling being turned forward, the differ- 
ence in the pitch of tbe screws draws the cone firmly into its 
seat ; and when the coupling is turned backward, tbe cone is by 
the same means started from its seat. The leading pulleys may 
be turned, by some pressure, to give any desired direction to 
the cord, and will remain where they are set. By these means 
the Indicator can be readily attached in almost any situation. 
When required for use on oscillating cylinders, the Indicator is 
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fomiBlied with an attachment which prevents the pencil from 
being affected by the motion of the cylinder. 

The springs. — In order to adapt this Indicator for nse on 
engines of every class, springs are made for it to ten different 
scales, as follows : — 

No. 1, J-in. motion, shows 1 lb. pressure ) 

on the sq. in. Indicates from ) "" "^ 
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99 


99 


99 
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Springs are made also to any other scale required. 

Each of these springs will fit every instrument alike, and they 
can be sent with the boxwood scales by post to any address, 
and the spring can be changed in the instrument by any one 
in a few minutes, in the manner explained hereafter in the 
"Directions for the care of the Instrument." Most of the 
scales are multiples of 8, and the common rule will measure 
the diagrams, if the proper scale is not at hand. It will be 
observed that the five higher scales do not indicate the vacuum. 
These are so made for the following reasons. The &r greater 
number of engines which work steam at high pressures do not 
condense, and moreover, at these pressures, the scale of the 
indication necessarily becomes small, while it is always desir- 
able to show the vacuum on a large scale. Spring No. 1 may 
be employed to indicate the vacuum, in engines which work 
steam at high pressures and with condensation. It can be 
readily substituted in the Indicator, and the diagram given by 
it will be on a satisfactory scale. It is provided with a stop, 
which prevents it from being compressed too much, so that a 
high pressure of steam wiU not injure it. Moreover, the vacuum 
being omitted from the scales which go above 60 lbs., the 
entire range of the pencil is available for the pressures above 
the atmosphere, which may therefore be shown on a larger 
scale. Springs indicating pressures above 60 lbs. are supplied, 
however, to indicate the vacuum also, when so ordered. 
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The springs are tested with a highly sensitiye apparatus, 
designed expressly for the purpose, and are corrected for a tem- 
perature of 212°, which is the temperature to which they will 
be exposed under almost all circumstances when 'in use, and at 
which their accuracy is guaranteed. 
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SECTION IV. 

PRACTICAL DIRECTIONS FOR APPLYING AND 
TAKING CARE OF THE INDICATOR. 

I. Of Attaching the Indicator, 

When it is practicable, diagrams shotild be taken from eaob end 
of the cylinder. The assumption commonly made, that if the 
valves are set equal the diagram from one end wiU be like that 
from the other, will be shown by this instrument to be erro- 
neous. This is owing to the difference in the speed of the 
piston at the opposite ends of the cylinder, which is, at the 
outer end of a direct-acting engine, from 35 per cent, to 66 per 
cent, greater than at the crank end, the difference varying 
according to the degree of angular vibration of the connect- 
ing rod. In side-lever or beam-engines, these proportions are 
reversed, and the speed of the piston is greater at the upper 
end of the cylinder. Often also there is a difference in the 
lengths of the thoroughfares, and in the lead, or the amount of 
opening, or the point of closing ; and many times the valves are 
supposed to be correctly set, when this. Indicator will show 
that they are not. These, and other causes, will make a differ- 
ence in the diagrams obtained from the opposite sides of the 
piston. 

One use of the Indicator is in fact to show whether or not 
the diagrams from opposite ends of the cylinder are alike. 

Pipes to he avoided. — The Indicator should be fixed dose to 
the cylinder, especially on engines working at high speeds. If 
pipes must be used, they should not be smaller than half an 
inch in diameter, and five-eighths in the bends, and as short 
and direct as possible. Any engineer can satisfy himself with 
this instrument that each inch of pipe occasions a perceptible 
fall of pressure between the engine and the Indicator, varying 
according to its size and number of bends and the speed of the 
piston. Diagrams have been known to show, from this cause 
alone, 40 per cent, less pressure than was actually in the 
cylinder. Probably the diagrams taken from engines, gener- 
ally, show in nine cases out of ten the pressure, or more often 
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the lead, of the steam, or direction of the admission line, 
untruly, from the incorrect manner in which the instrument is 
attached. 

Where io connect the Indicator. — On vertical cylinders, fc«r 
the upper end, the Indicator-cock is usually screwed into the 
cover. Sometimes it is attached where the oil-cup is set, this 
"being removed for the purpose. For the lower end, it is neces- 
sary to drill into the side of the cylinder, at a convenient point 
in the space between the cylinder bottom and the piston, when 
on the centre, and screw in a short bent pipe, with a socket on 
the end to receive the Indicator-cock. The Indicator can be 
used in a horizontal position, but it will be found much more 
convenient to put in a bent pipe, and set it vertical. Sometimes 
it will be necessary to drill in the side of the cylinder at the 
upper end also, especially in double-cylinder engines having 
• j^arallel motions, when the Indicator cannot generally be set 
on the covers. Care must be taken that the piston does not 
cover the hole when on the centre. No putty is necessary to 
make these small joints, and it should never be used, as it is 
liable to get into the instrument. If the screw fits loosely, a 
few threads of cotton wound round the stem will prevent the 
escape of steam. 

On horizontal engines, the best place for the Indicator is on 
the top or upper side, at each end ; if it cannot be placed there, 
bent pipes may be screwed into the covers or into the side of 
the cylinder. In other respects follow the directions given for 
vertical engines. The Indicator should never be set to com- 
municate with the thoroughfares. The current of steam past 
the end of the pipe or the hole reduces the pressure in the in- 
strument, and the diagram given is worthless, as any engineer 
can readily ascertain by making the experiment. 

The stop-cock being screwed firmly to its place, screw the 
Indicator down to its seat, turning it to the most convenient 
position, and make it fast by turning the coupling ; then move 
the guiding pulleys to their proper position to receive the cord, 
and the instrument is in readiness for use. 

Before attaching the Indicator, open the stop-cocks and let 
the steam blow through them repeatedly. This should always 
be done, but it is especially important on new engines. Indi- 
cators are sometimes ruined by a mass of core sand and iron 
filings being blown into them on the very first attempt to use 
them. The scratched and filthy state into which they are 
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sometimeB allowed to get caiues yery cnriouB diagrams, which 
are, of course, a great deal worse than good for nothing. With 
proper care the instrument may he kept in perfect condition. 



n. Of oiYiNo Motion to the Paper. 

The drum (he hut mean$. — The revolution of a drum is pro- 
hahlj the most correct as well as convenient method of giving 
motion to the paper. It may he supposed that a flat slide, 
worked hy positive means, would have a perfectly accurate 
motion ; hut, in fact, at high velocities, where alone any trouble 
is met with, the difficulties involved in its use are more trouble- 
some than those presented by the cylinder. In most cases the 
connecting-rod must necessarily be somewhat long ; it must not 
tremble, or the line on the paper will be tremulous, and the 
weight required for stiffness, joined to the weight of the slide 
causes a momentum, which, if the rod is worked by a vibrating 
arm, will give to the paper, on each centre, a motion opposite to 
that of the piston of the engine ; and precisely at these points 
it is of the greatest consequence that the two motions shall 
coincide. 

In the use of the cylinder at any speed, the question of 
obtaining a positive motion, if there is no elasticity in the cord 
or the parts to which it is connected, is simply one of proportion 
between the momentum of the revolving parts and the strength 
of the spring by which this is resisted. In this Indicator these 
parts are made as light as possible consistently with other re- 
quirements, and the spring is of such strength that they may 
be reciprocated from 250 to 300 times per minute, without any 
increase in the length of the diagram ; and of course, therefore 
without any error in the motion. There is no difference in the 
construction of these Indicators in this respect, it being intended 
that every instrument shall be applicable to any engine. 

From what points to derive the motion. — This may be taken from 
any part of the engine which has a motion coincident with thai 
of the piston. For a beam-engine, a point on the beam, or 
beam-centre, or on the parallel-motion rods where these are em- 
ployed, will give the proper motion ; but care must be taken 
that the cord be led off in the right direction — a requirement 
which is sometimes overlooked; afterwards its direction of 
motion may be changed as required. 
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In some cases it is most conYenient to take the motion from a 
point on the end of the revolving shaft ; this is frequently the 
case on horizontal engines, working at high speeds, because then 
the motion does not need to be reduced. Exact accuracy cannot 
be got in this way, however, without employing a moving slide, 
and connecting it with the pin in the end of the shaft by a rod 
or cord of such length that its angular vibration shall be the 
same as that of the connecting-rod. This will be found 
generally a troublesome matter ; and the engineer will probably 
prefer in most cases to disregard the error resulting from its 
omission — ^which is, that the motion of the paper will be more 
nearly equal at the two ends of the stroke, being slower than 
that of the piston at the one end, and faster at the other. The 
crank or pin from which the cord receives its motion must be 
on its centre, relatively to the direction of the cord, whatever 
that direction may be, precisely when the crank of the engine 
is on its centre. If this requirement is not carefully attended 
to, the diagram will be worthless. 

Grenerally, on horizontal engines, the motion of the paper is 
taken from the cross-head. In an engine-room, a strip of deal 
may be suspended from the ceiling in such a manner as to 
permit it to swing backward and forward edgeways by the side 
of the guides, said motion may be given to it by a pin, secured 
firmly to the cross-head, and projecting through a slot in the 
board, in which it should fit nicely to prevent lost time on the 
centres. The board must hang plumb when the piston is in 
the middle of its stroke. The cord may be connected to this 
strip of board at a point suf&ciently near to its point of sus- 
pension to give the required reduction of motion for the paper, 
and must be led off in a horizontal direction, and then over one 
or more pulleys in any required direction to the Indicator. At 
high speeds, however, pulleys should be avoided, or, when 
necessarily used, must be &inly held. We have seen them 
changing their position a full quarter of an inch in every 
revolution of the engine, from the varying tension of the cord. 
On portable engines the motion may be obtained in the manner 
just described, the lever swinging from a pin supported in a 
standard about two feet in height, set on one of the guide-bars. 

On locomotives having outside connections the motion must 
be taken from the cross-head. It is indispensably necessary to 
use only a short direct cord, free from elasticity, and coDnected 
to a point the motion of which is reduced from that of the cross^ 
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head by positive means. Caie most be taken also so to proper 
tion the parts employed for this purpose, that the point a 
which the cord is connected shall have a positive motion with 
out any fling, a matter not by any means free from difficulty a 
250 revolutions per minute. A rocknshaft, turning in bushings 
supported by two angle iron standards, precisely over the mid 
position of that point of the cross-head from which the motion 
is derived, affords perhaps the best means of reducing the motion 
A long arm is worked by the cross-head and a short arm give 
motion to the cord. The short arm must be keyed in such i 
position that when the piston is in the middle of its stroke i 
will stand at right angles with the direction of the oord, what 
ever that may be. The direction of the cord may form an^ 
necessary angle with the horizontal line, but must be at righ 
angles with the rock-shaft. 

On locomotives having inside connections, and a single pal 
of driving-wheels, where it is practicable, it will be found to b 
the better way to take the motion from a pin set in the end o 
the axle, and to communicate it by a connecting-rod to a poin 
convenient for attaching the cord. The parts should be al 
substantially made ; the momentum of the connecting-rod wil 
be perfectly resisted by the pin. 

On oscillating engines, the motion may be taken frrom th< 
brasses at the end of the piston-rod. If the stroke is long, it ii 
sometimes difficult to reduce this motion to that required foi 
the paper, and in such cases it is necessary to take the motioi 
from an eccentric on the main shaft, to a point as near at 
possible to the trunnion, and thence to communicate it to the 
Indicator. In all these connections it is of the first consequence 
that there be no lost time, which will require to be made up os 
every centre, and will thus cause the paper to stand fitiU while 
the piston is moving. 

It is a difficult matter to take a perfectly correct diagram at 
high speed. The best test is the length. If the diagram is any 
longer when taken at high speed than it is at the slowest speed 
at which the engine can be run, then there is elasticity some- 
where, and consequent untruth. Few diagrams frrom high- 
speed engines will stand this test ; sometimes they are nearly 
or quite an inch too long. The length can and should be made 
the same as at the slowest speed. After everything else has 
been made rigid, the cord will give trouble unless it is very 
short. No matter how hard and fine a line is used, if long its 
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elasticity will be objectionable. The writer baa of late been 
using brass wire instead. Spring brass wire, No. 27 Stnbbs' 
gange, has been found to answer admirably. By means of it 
the motion can be communicated with precision to considerable 
distances, at 200 or more revolutions of the engine per minute. 

Pulleys of different diameters on the same spindle have been 
used as a means of reducing the motion from that of the cross- 
head, but we do not recommend them ; at high speeds it is very 
difficult to make them answer, their unavoidable momentum 
preventing the correct change in the direction of the motion. 

The experience of the careful operator will teach him to guard 
against the various causes of error here mentioned, and others 
which will arise in the great diversity of situations in which the 
Indicator is used, and the effects of which are the more mis- 
chievous, because often the diagram itself famishes no means of 
detecting them. The mathematician will perceive that jper/ec/ 
accuracy, of motion is attained by only a very few of the 
methods here suggested. Most of them are only approximately 
accurate, but they are the best which can be readily employed, 
and the errors which they involve are too slight to be of 
practical moment. For the professional engineer, of course 
directions are unnecessary. 



III. How TO TAKE A DIAGRAM. 

To fix the paper. — ^For this purpose it is not necessary to re- 
move the paper drum from the instrument. Secure the lower 
edge of the paper, near the comer, by one spring ; then bend 
the paper round the cylinder, and insert the other comer 
between the springs. The paper should be long enough to 
let each end project at least half an inch between the springs. 
Take the two projecting ends with the thumb and finger, and 
draw the paper down, taking care that it lies quite smooth and 
tight, and that the comers come fairly together. The spring 
used on this Indicator for holding the paper will be found 
preferable to the hinged clamp. A little practice, with atten- 
tion to the above directions, will enable any one to fix the paper 
very readily. 

The marking-point should be fine and smooth, so as to draw a 
fine line, but not cut the paper. It may be made of a brass 
wire ; the best material is gun-metal, which keeps sharp for a 
long time, and the line made by it is very durable. Lines 
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drawn by German-silyer points are liable to fietde. A large-sized 
oommon pin, a little blunted, answers for a marking-point very 
well indeed ; a small file and bit of emery-cloth nsed occasion- 
ally will keep the point in order. 

To eonneet the cord, — The Indicator having been attached, 
and the correct motion obtained for the dram, and the paper 
fixed, the next thing is to see that the cord is of the proper 
length to bring the diagram in its right place on the paper — 
that is, midway between the springs which hold the paper on 
the drum. In order to connect and disconnect readily, the 
short cord on the Indicator is famished with a hook, and at 
the end of the cord coming from the engine a running loop may 
be rove in a thin strip of metal, in the manner shown in the 
following cut, so that it can be readily adjusted to the proper 




length, and taken up from time to time, as it may become 
stretched by use. On high-speed engines it is as well, instead 
of ufiing tlds, to adjust the cord and take up the stretching, as 
it takes place, by tying knots in the cord. If the cord becomes 
wet and shrinks, the knots may need to be untied, but this 
rarely happens. All this trouble is avoided by using a wire, 
as recommended above. A small ring should be attached to 
the end of the wire to hook on to. It will be found a great con- 
venience also at high speed to have a long hook, out of the way of 
the fingers. The length of the diagram drawn at high speeds 
should not exceed four and a half inches, to allow changes in the 
length of the cord to take place to some extent, without causing 
the drum to revolve to the limit of its motion in either direction. 
On the other hand, the diagram should never be drawn shorter 
than is necessary for this purpose. 

To take the diagram. — ^Everything being in readiness, turn 
the handle of the stop-cock to a vertical position, and let the 
piston of the Indicator play for a few moments, while the 
instrument becomes warmed. Then turn the handle horizon- 
tally to the position in which the communication is opened 
between the under-side of the piston and the atmosphere, hook 
on the cord, and draw the atmospheric line. Then turn the 
handle back to its vertical position and take the diagram. 
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When the handle stands vertical the oommnnication with the 
cylinder is wide open, and care should be observed that it does 
stand in that position whenever a diagram is taken, so that 
this oommnnication shall not be in the least obstructed. The 
instmment is provided with a stop, hidden in the cylinder-case, 
to prevent the marking-point from tearing the paper. The 
arm is to be pressed firmly up to this stop. If the line drawn 
is faint, the point must be screwed np, and back if the line is 
too heavy. The elasticity of the parallel arms gives the light 
pressure required on the paper. As the hand of the operator 
cannot follow the motions of an oscillating cylinder, it is 
necessary that the point be held in contact with the paper by a 
light spring, and instruments to be used on engines of this 
class are furnished with an attachment for this purpose. 

Diagrams should not be taken from an engine until some time 
after starting, so that the water condensed in warming the 
cylinder, <&c., shall have passed away. Water in the cylinder 
in excess always distorts the diagram, and sometimes into very 
nngnlar forms. The drip-cocks should be shut when diagrams 
are being taken. 

As soon as the diagram is taken, unhook the cord ; the paper 
cylinder should not be kept in motion unnecessarily, it only 
wears out the spring, especially at high velocities. Then 
remove the paper and minute on the back of it at once as many 
of the following particulars as you have the means of ascer- 
taining, viz. : — 

The date of taking the diagram, and scale of the Indicator. 

The engine from which the diagram is taken, which end, and 
which engine, if one of a pair. 

The length of the stroke, tbie diameter of the cylinder, and the 
number of double strokes per minute. 

The size of the ports, the kind of valve employed, the lap and 
lead of the valve, and the exhaust-lead. 

The amount which the waste room, in clearance and thorough- 
fares, adds to the length of the cylinder. 

The pressure of steam in the boiler, the diameter and length 
of the pipe, the size and position of the throttle (if any), and 
the point of cut-off. 

On a locomotive, the diameter of the driving-wheels, and the 
size of the blast orifice, the weight of the train, and the 
gradient, or curve. 

On a condensing engine, the vacuum by the gange, the kind 
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of oondenser employed, the quantity of water used for one 
stroke of the engine, its temperature, and that of the discharge, 
the size of theair-pnmp and length of its stroke, whether single 
.or donble-aoting, and, if driyen independently of the engine, 
the number of its strokes per minute, and the height of the 
barometer. 

The description of boiler osed, the temperature of the feed- 
water, the oonsumption of fuel and of water per hour, and 
whether the boilers, pipes, and engine are protected from loss of 
heat by radiation ; and if so, to what extent. 

In addition to these, there are often special drcumstanoes 
which should be noted. 



lY. How TO Ejsep ths Indicator in Order. 

The Indicator will not continue to work well unless it is kept 
in good order. When used, it generally becomes full of water, 
which will rust and thus weaken the spring; and the steam 
often contains impurities and grit, a portion of which is 
logded in it. After the Indicator has been used, and before 
putting up, unscrew the cover of the cylinder-case and draw off 
the upper ferule, with the pencil moyement and the piston and 
spring attached, empty the water from the cylinder-case, care- 
fully dean and dry all the parts, and replace them, lubricating 
the cylinder with a few drops of oil which is entirely free from 
gum. The cylinder is not to be removed from the case under 
any circumstances ; the operation above directed gives complete 
access to it. 

Sometimes the surfaces of the piston and cylinder become 
scratched or roughened by impurities in the steam, a fact 
which will be detected at once in the diagram by the unsteadi- 
ness of the line. If this shows the existence of any obstruction 
to the perfectly free action of the Indicator, take the instrument 
apart, as for cleaning, and remove the spriug, then replace the 
piston in the cylinder, after cleaning and lubricating them ; 
screw on the cover to guide the stem, and rub the piston up 
and down in the cylinder, at the same time revolving the stem 
between the thumb and finger. The surfaces will quickly wear 
each other smooth ; no grinding or polishing material should be 
used, but the piston' should be taken out once or twice during 
the operation, and the surfaces cleaned. The piston, if dry, 
ought to drop perfectly free from every position. Before re- 
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placing, lift the leyers and let them fall, to see if their action 
alflo is entirely free. Then replace everything, taking care to 
screw the heads of the spring firmly up to the piston and 
cover. The paper cylinder requires to be lubricated occasion- 
ally with a drop or two of pure oil, applied at the end of the 
arbor, also the leading pulleys and the joints of the pencil 
movement. 

y. How TO Ascertain if the Action is freb from Friction. 

If the Indicator is impeded by friction it will not tell the 
tmtL It is important, therefore, that its action should be 
frictionless, and also that the operator should know that it 
18 80. He can learn its state in this respt^pt by the following 
method : — Set the Indicator on the engin€>, fix a sheet of paper, 
and see that the marking-point is fine, fress the pencil down 
firmly with the hand, and let it return very slowly to a state 
of rest, and draw the atmospheric line. Then press it upward, 
and let it return in the same manner, and draw this line again. 
If proper care has been taken, and the pencil retraces the same 
fine line, the action is free from friction. Of course the pencil 
must not be vibrated, or suddenly released, but the pressure of 
the hand must be withdrawn in the most gradual manner. If 
impediments exist to its free motion, the double effect is shown 
of their resistance in both directions. Sometimes the lines 
come a quarter of an inch or more apart. The instrument is 
not in proper order for use if it will not perfectly stand this 
test If the action is frictionless at the atmospheric line it is 
probably so everywhere, but for the upper part of the scale this 
may be tested by removing the spring, and after connecting the 
piston-rod and levers, observing if the pencil will drop ahsolutely 
free from any point at which it is released. 



.VI. How TO Change the Springs. 

Unscrew the coupling from the end of the piston-stem, the 
cover from the cyHnder-case, and the spring from the piston 
and cover, introduce the pew spring, and screw all up firmly 
again. 

The lengths of the springs fc»r the different scales are so pro- 
portioned to each other, that the pencil will always come to the 
proper position for drawing the atmospheric line. In putting 
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in the spring No. 1, the head from which the barrel projects to 
■top the compression of the spring shonld be screwed to the 
coyer and not to the piston. Be careful that the heads are 
screwed np firmly to the piston and cover. 

The spring which gives reaction to the paper cylinder is 
liable to break after considerable nse, especially on engines 
running at high speeds, for which reason this cylinder should 
never be left to run unnecessarily. When breakage oocurs a 
new spring can be readily substituted as follows: — Set the 
Indicator on the engine, if there are no other convenient means 
for holding it firmly, and remove the cover of the spring-case 
and the broken spring. Then hook the new spring on to the 
hook projecting from the ferule on the arbor, ooil it into the 
case, and hook the end on the rim ; see that it is coiled in the 
same direction with the cord. If the spring has not sufficient 
strength to keep the cord quite tight, another ooil must be given 
to it, but it should not be coiled any tighter than is necessary 
for this purpose. 

When the Indicator is applied to pumps, or when it is 
exposed only to the temperature of the atmosphere, an addition 
must be made to the pressure shown of one pound in each 
40 lbs. That is, a spring when hot will indicate a pressure of 
40 lbs., and when cold will show only 39 lbs. ; and 40 lbs. is 
the real pressure in both cases. (See page 31.) 

Prices of Springs and Metallic Paper. 

The springs and metallic paper may be procured from any 
parties who sell these Indicatois. The springs will be sent 
free by post to any address, on receipt of the price in stamps. 

Prices. £ s. d. 

Piston springs, with boxwood scales, each « « 10 

Paper cylinder springs 16 

Quire of metallic paper, cut into 360 diagram sheets 4 

Indicators for special purposes, or containing special modifi- 
cations, will be made on application. 



PART SECOND. 



TABLES. 

INTRODUCTORY REMARKS^ 

We are accustomed to express the elastic force of steam in 
tliree ways — ^namely, in pounds of pressure that it exerts on the 
square inch, in the height of the column of mercury which it 
sustains, and in atmospheres. The actual pressure of the 
atmosphere is continually varying^ the barometric column 
flnctuating generally between 28*5 and 30*5 inches in height; 
these points in either direction being, however, but rarely. 
ieached» and still more rarely passed. For scientific purposes, 
however, it is necessary that an exact pressure should be fixed 
upon as constituting an atmosphere, and the scientific world 
have agreed to employ for this purpose the French measure of 
a column of mercury 760 millimetres in height, at the tempera- 
ture of 0*^ centigrade, or 32° Fahrenheit ; which is indeed as 
nearly as possible the mean atmospheric pressure. 

This preiBsure cannot be accurately expressed in English 
measurement, but only approximately by the use of decimals 
760 millimetres being 29*9218004 inches of mercury, equal to 
a pressure on the square inch of 14* 696303 lbs., very nearly. 

It is common to say that an atmosphere is 15 lbs. on the 
square inch, or 30 inches of mercury, and in the Royal Arsenal 
of England at Woolwich the steam-engines^ 13 in number, were 
a few years ago, when seen by the author, all provided with 
mercurial vacuum gauges, graduated in inches of mercury, and 
also in pounds on the square inch, each pound coinciding with 
an even number on the scale of inches. 

This is shamefully rude, the pressure of 15 lbs. on the square 
inch being equal to that of a column of mercury 3d* 54 inches 
in height. It is su£Giciently exact to say that 1 lb. on the 
square inch is equal to 2 * 036 inches of mercury, but it is a pity 
that we cannot employ in popular use a measure which, on 

D 2 
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aooonnt of its simplicity and oonyenienoe, men of scienoe have 
eyerywhere adopted. 

This remark applies also, and with eyen greater force, to the 
thermometer. In the centigrade scale, the freezing-point — or 
the temperature at which, nnder the pressure of 760 milli- 
metres of mercury at 0^ water passes from the fluid into the 
solid state — is taken as 0, and the boiling-point, or the tempera- 
ture at which under the same pressure water passes most rapidly 
from the fluid into the gaseous state, or the highest temperature 
to which under this pressure it can be raised, is taken as 100, and 
the interyal is diyided into 100 equal parts, whence the name, 
signifying 100 steps. In contrast with this philosophical and 
simple measure is the Fahrenheit scale, which begins in a 
blunder and ends nowhere. As 32 degrees below the freezing- 
point was the lowest degree of cold that Fahrenheit himself was 
able to produce, he, in the true spirit of speculatiye reasoning, 
concluded that of course it was the lowest degree of cold that 
Almighty Power could produce, an^ assumed it as the absolute 
zero. We wonder how it was possible he could haye been so 
ignorant of common actual temperatures; but doubtless we 
ourselyes hold for facts some notions inyolying a degree of 
ignorance which will hereafter be wondered at quite as much. 
The freezing and boiling points, 32^ and 212^ of the Fahrenheit 
scale, originally inexact enough, haye been made to coincide 
with the 0° and 100^ of the centigrade scale, so that to reduce 
degrees of the latter to those of the former we haye only to 
multiply them by 1*8 and add 32. If the Fahrenheit scale 
could be at once abolished, and the centigrade scale substi- 
tuted in its place, we should be rid of an arbitrary nuisance, 
which is already being banished from the domain of science, 
and is a real impediment to popular scientific adyancement. 

In the following Tables it is attempted to present in English 
measures, and in a form entirely complete, 'the results of the 
experiments of M. Begnault upon the properties of steam. 
These, together with the results of the seyeral series of pre- 
liminary experiments conducted for the purpose of ascertaining 
with exactness all the physical conditions necessary to be assumed 
in the course of the former, and descriptions of the apparatus 
and methods employed by him, have been before the world for 
upwards of twenty-five years, and have, it is believed, received 
the unanimous approval of competent judges. These experi- 
ments were conducted at the expense of the French Government 
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and under the auspices of the Aoademy of Sciences, and on 
account of the unprecedented care taken in ascertaining the 
conditions necessary to be assumed, the superior means and. 
methods employed, and the wide and exhaustive range taken, 
there can be no doubt that the resi;lts obtained by M. Begnault 
are more nearly correct than any of those previously received, 
and it can hardly be imagined that any experiments which may 
hereafter be undertaken can command in anything like the 
same degree the confidence of men of science. 

These experiments first established the now accepted fact, 
that the total heat of steam, or the sum of its sensible and 
latent heat, is not, as had before been supposed, the same for all 
temperatures, but increases with the increase of temperature, 
in the uniform ratio of *305 of a degree of each degree of 
sensible heat ; so that, as steam expands in volume, of each 1"^ 
of temperature that it loses, 695 parts only become latent, or 
are converted into internal work, and the remaining 305 parts 
are set free, and are capable of being converted into mechanical 
work. 

The following data are given for the explanation and verifi 
cation of the Tables ; — 



Units. 

All measurements, of whatever nature, are referred to some 
conventional unit. With some of these units our readers will 
need to be familiar, and they are here presented together. It 
is generally important to know the relation between the British 
and the French units, for which reason some of the latter also 
are given. 

All units, except that of temperature, are now conventional 
and arbitrary. Attempts to employ natural constantiS as standards 
of ref^nce hilve, in other departments, been wisely abandoned. 
The length of the pendulum vibrating seconds, for example, 
was a very admirable standard of measure in theory ; but when 
the standard determined by that method had been burned up, it 
was found that it could not be restored by the same method, as 
the law directed it should be : first, because errors of unknown 
amount existed in the original determination; and, second 
hecause the degree of uncertainty involved in such an inquiry 
is incomparably greater than that involved in measurement. 
So, likewise, with respect to the new standard pound; the 
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CommisBion ascertained that faBsing with water, as the law 
directed, would involve nearly 3000-fold tlie liability to error 
that mere weighing would do. So the new standard yard and 
pound are the oloeest possible restorations of the old ones, made 
by comparisons, conducted with infinite pains, with the best 
authenticated copies of them. 

The attempt of the French Government, in the latter part of 
the last century, to make the loooiooo^ P'^ ^^ ^^ qnadrant of 
the meridian circle the nnitof the metric system, resulted in the 
establishment by law of a distance marked on a metal rod as 
the m^tre, abont which we know that it is not the unmFirinr^^ 
part of the qnadrant, bnt that it makes jnst as good a standard 
of measure as if it were. 

So the kilogramme is, theoretically, the weight of a cubic 
d^m^tre of water,* bnt practically it is a block of platinum in 
the Archives at Paris, which, if it were to be lost, could not be 
precisely restored by weighing water till Doomsday. 

The British standard of measure is the Imperial Standard 
Yard, kept in the Exchequer at Westminster. 

The unit of linear meamremenl nsed in mechanics is the inch, 
or one thirty-sixth ^art of the Imperial standard yard. 
The corresponding French standard is the m^tre. 

1 M^tre .. •• •• = 39 '37079 inches, approximately. 
I Dfeim^tre •. .. = 3-937079 „ „ 

1 Centimetre.. •. = 0-3937079 „ ^ 

1 Millimetre .. .. = 0*03937079 ^ „ 

1 cubic Centimetre = •0610270515 of a cubic inch, 

or -0000353166 „ foot. 

1 cubic Decimetre •• *b 1000 times the above, or 

61 - 0270515 cubic inches, 

or -0353166 ofa cubic foot. 

The unit of vodghty fresmre^ or force^ is the pound avoirdupois, 
consisting of 7000 grains, of which 5760 constitntea pound troy. 
The Imperial standard pound avoirdupois is a cylinder of 
. platinum, kept in the Exchequer at Westminster. 

* The term ** water " will always be nfied here, unless otherwise expressed, 
to mean that fluid at its greatest density, which has been fixed by the experi- 
ments of Playfeir and Joule, at 3-945° centigrade, or 89*101** Fahrenheit, 
and made perfectly pure, and free from air and gases, by distilUtion — 
theoretical wat^r, which can only be approximated in reality, though without 
doubt pretty closely. 
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TKe French unit of weight is the gramme, which is in theory 
the weight of a cubic centimetre of water. The kilogramme, 
or 1 000 grammes, is the weight of a litre, or cubic d^im^tre, of 
water. The real standard is a piece of platinum, deposited in 
the Archives at Paris in 1799, and known as the " Kilogramme 
des Archives." The Commission appointed to restore the lost 
British standards went to Paris and weighed this piece of 
platinum, and found out by that means, the weight of a cubic 
foot of water. 

This is the way in which this was arrived at : — They found 
the kilogramme to weigh 2*20462125 of the standard platinum 
pounds. It seems as if it would be a very simple matter to 
determine what a cubic foot of water weighs, the method being 
to weigh, first in the air and then in the water, a solid of 
absolutely known dimensions, when the weight that it loses by 
the immersion and that which it at first lost by immersion in 
the air being added together, their sum is the weight of the 
water that it displaces ; but the Commissions appointed by 
five European Governments to ascertain the weight of water 
arrived each at a different result. 

The following are the weights of an English cubic foot of 
water, at 62° Fahrenheit, as determined by the different Com- 
missions respectively : — 

French .. 62-3666 lbs. 

English 62-3860 „ 

Swedish .. .. .. .. 62-3746 „ 

Austrian .. .. .. .. 62-3347 „ 

Eussian .. 62-3556 „ 

To obtain these weights at the greatest density of water, the 
above must be multiplied by 1-00109. Now it is really of 
Uttle consequence what the weight of a given bulk of water is 
to Ihe last decimal; but it is of great consequence that the 
scientific world should agree on what it is. So, without dis* 
cussing about the very small and uncertain amount of error ^l* 
Tolved in the French determination, it is assumed to be correct, 
and then a simple division gives the weight of a cubic foot of 
water; for if -0353166 of a cubic foot weighs 2-20462125 lbs. 
then 1 cubic foot weighs 62-4245 lbs. : not precisely, but nearly 
enough for all practical purposes. This is a determination oif 
^reat importance. By means of it, for example, the elastic 
forces of uteam at different temperatures are reduced frorn^ 
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millim^treB of merouiy, in which they are given by Eegnanlt, 
to pounds on the aqnare inoh. 

T»« un« o/t«)fi or iKHi^er* is 1 lb. lifted 12 inches, or 1 IK o^ 
force acting through 1 foot of distance, and is caUed the foot- 
pound. . 

33,000 foot-pounds, or units of work, performed in one 
minute, make a horse-power. ,.^ , ^ .j_ 

The French unit of work is 1 kilogramme lifted 1 metro, 
called the kilogramme-m^tre, or, for brevity, kilo-mitre. It is 
equal to .7 • 233136 foot-pounds. 75 kilogramme-mitres exerted 
in one second constitute the French horse-power, equal to 
32,549-112 foot-pounds per minute. The English horse-power 
is therefore 1-01416 French horse-powers, and the French 
horse-power is -986 of an English horse-power. 

The unit ofdastidty, by which the expansive force exerted by 
elastic fluids is measured, is, for popular use, 1 lb. on 1 sqnare 
noh. The scientific unit of elasticity is 1 atmosphere. 

1 atmosphere is equal to 760 - millimetres of mercury 

or to 29-9218004 inches •» 

or to 406 • 814704 „ water 
or to 14- 696303 lbs. on the sq. inch. 
1 lb. on the sq. in. is equal to 27 • 68143 inches of water 

or to 2-03601 „ mercury 
. or to 51 • 7137 millimetres „ 

The unit of tm^atwre is the degree Fahrenheit, or ^ih part 
of the distance on the thermometrio scale between the freezing 
and the boiling points of water, under the pressure of one at- 
mosphere. The corresponding French unit is the degree centi- 
grade, or "rlv*^ par* of the same distance. 

The unit of heat, or the thermal unit, is the quantity of heat 
necessary to be added to 1 lb. of water, at or near to ite freezing- 
pointy to raise ite temperature V Fahrenheit. \ 

♦ The distinction should be sharply apprehended between force and power, 
the former being a static conception, and the latter a dynamic expression of 
the union of force with motion. 

t The thermal unit is given by Banldne as the quantity of heat which 
corresponds to an interval of 1° in the temperature of 1 lb. of water <U its 
greatest detinty (diB*l°}, The difference between this statement and that 
given in the text is small, though not insensible ; but the latter seems the 
correct one. Water at 0^ centigrade, or 82® Fahrenheit, is the unit of com- 
parison employed for all measurements of the capacities for heat of all sub- 
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The quantity of heat required to raise the temperature of 
water 1^ increases with the increase of its temperature, and 
that in an increasing ratio. This increase has been determined 
with precision by M. Begnault, and is here shown in Table 
No. n. (of the specific heat of water), and in the revised tables 
of the properties or steam. The figures expressing these 
quantities have been carried to the third place of decimals, and 
will meet all requirements of exactness. 

One unit of heat is equivalent to 772 units of work. This is 
known as the mechanical equivalent of heat, or, from the 
physicist by whose investigations this telation has been esta- 
blished, '* Joule's Equivalent." 

The French unit of heat is the quantity required to raise the 
temperatureof 1 kilogramme of vrater, at or near to its freezing- 
point, 1° centigrade. One French is equal to 3*96832 British 
units, and one British is * 251996 of a French unit of heat. 

The gpecific heat of a body is the quantity of heat necessary 
to be imparted to it in order to raise its temperature 1% rela- 
tively to that quantity that is required to raise by 1^ the tem- 
- perature of an equal weight of water at or about the tempe- 
rature of 32^ The specific heat of water is greater than that 
of any other substance ; so that, this being taken as 1% that of 
any other substance is expressed in decimals. 

The specific heat of superheated steam was investigated by 
M. Begnault, who ascertained it to be '48051. 

Saturated steam is steam, the density, the elastic force, and 
the temperature of which are unchangeable relatively to each 
other. If one of these properties is maintained constant, both of 
the others must be so also : and if one is chauged, each of the 
others also changes in a fixed ratio. It is always at its dew- 
point ; and if its density is maintained, all loss of heat which 
it suffers must be supplied by partial condensation. It does not 



■tanoes wbateyer. If the specific heat of water were constant, then the 
thermal unit would be merely the quantity of heat required to raise the 
temperature of lib. of water 1% which would be the same at whatever part 
oTthe scale; but since it is not constant, the unit must be the quantity so 
zequired at that temperature at which the specific heat of water is 1, and that 
la 32^. (See Begnault's Memoir <" On the Spedflc Heat of Liquid Water 
at different Temperatures," the tenth Memoir in yol. xxi. of Mhwires of the 
French Academy.) The subject is one with which the density of water has 
no concern. It is immaterial in this regard what the volume of a pound of 
water may be. 
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neoessarily contain any water* but its temperature can be no 
higher than that of the water from which it has been evapo- 
rated. Until the experiments of li. Begnault, its specific heat 
was supposed to be 0; that is, it was supposed that no addi- 
tional heat was necessary to be imparted to it in order to raise 
its temperatnre, but that the increase of temperature was 
wholly supplied from the latent heat, which became reduced in 
the same degree : the total, heat which it contained, sensible 
and latent, being thus the same for all temperatures. But the 
experiments of M. Begnault have shown that an addition to its 
total heat of *305 of a degree is necessary in order to raise its 
temperature, or sensible heat, 1^ The specific heat of saturated 
steam is therefore * 305. 

By total heat is not meant, of course, the total heat reckoned 
from the absolute zero, which has been fixed at 461 * 2° below 
the zero of Fahrenheit, but the total heat counting &om the 
latter point. 

The unit of angular, or trigonomeiriedl measuremewi, is the radius 
of the circle to which the sides of the triangle are referred. 

The unit of ipedfic gravity is the weight of water. The specific 
gravity of a body is its weight, at the temperature of 0*^ centi- 
grade, or 32° Fahrenheit, compared with that of an equal 
volume of water. 

For measuring the specific gravity, or comparative density, of 
steam and gases, the atmosphere, at the temperature of 32^ 
Fahrenheit, and sustaining a column of 760 millimetres of 
mercury, is employed as the unit. 

The specific gravity of water being • . • 1 • 

That of air, under 760 mm. of mercury, is . '001293187 

And that of mercury ...»••» 13*59593 

The volume of water being 1 • 

That of the same weight of air at 32"* is . . 773 • 283 
And that of the same weight of mercury at 32" • 0735514 
The volume of 1 lb. of water is 27*68143 cubic inches, or 
•01602 of a cubic foot. 
The weight of a cubic foot of water is • • 62.4245 lbs. 

„ „ „ „ air 0807265 lbs. 

^ ^ H n inch of water . . • .0361353 lbs. 

^ ,» w »> mercury . . -491157 lbs. 
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Expansion. 

1. The expansion of water. — ^The rate of expansion of water hy 
heat yaries more than that of any other substance. Between 

Table L 

Showing ihe ewpannon of Water ht/ Heai, between its point of 
maximum density and its hoUing point. 



Centigrade. 


Yolamee as given 
byKopp. 


Corrected Volumea. 


l8t 

Diffei«noe. 


2nd 
Difference. 


4^ 


1-00000 


1-00000 






5 
10 
15 
20 


1-00001 
1-00025 
1-00082 
1-00169 


1-00001 
1-00026 
1-00083 
1-00171 


24 

58 
88 
116 
139 
161 
181 
200 
219 
237 
255 
273 
290 
307 
324 
341 
357 
373 
389 


34 

30 
27 


25 


1-00284 


1-00286 


24 


30 


1-00423 


1-00426 


22 


35 


1-00583 


1-00586 


20 


40 


1.00768 


1-00767 


19 


45 


1-00967 


1-00967 


19 


50 


1-01190 


1-01186 


18 


55 


1-01423 


1-01423 


18 


60 


1-01672 


1-^1678 


18 


65 


1-01943 


1-01951 


17 


70 


1*02238 


1-02241 


17 


76 


1-02664 


1-02548 


17 


80 


1-02871 


1-02872 


17 


86 


1-03202 


1-03213 


16 


90 

95 

100^ 


1-03663 • 

1-03921 

1-04312 


1-03570 

1-03943 

.1-04332 


16 

16 



^^•1"* and 212° its volume increases from 1 • to 1-04332 ; and its- 
expansion, for each 1® added to its temperature, increases froni 
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at 40"" to 00044 at 212^. Above the latter point nothing is 
known about it. 

The author has yentored to make the slight changes in the 
best tables of the yolnme of water at different temperatures, 
which are necessary* to canse the second differences to fall into 
the following series of ordinates of a curve, which must be very 
nearly correct, and the prolongation of which shoold give the 
volumes at higher temperatures. The volumes are given at 
intervals of 5^ centigrade. 

2. The expawion o/meretfry.— The expansion of mercury for 
each increase of 1^ in its temperature, the volume at 32^ being 
l-,is -00010085. 

The pressure of the atmosphere, and the elastic force of steam 
and gases, are measured by the height of the column of mercury 
at 32*^ which they sustain. 

In making such observations, therefore, the temperature of the 
mercury must be taken, and the correction made for its expan- 
sion, as above given. 

This requirement is sometimes forgotten, as notably by Mr. 
Isherwood, in some of his experiments, which were a few years 
ago conducted at great cost to the American Government, and 
for a time attracted some attention, but are now themselves 
forgotten. 

The refined investigations of M. Begnault showed the coeffi- 
cient pf the expansion of mercury to increase slightly with the 
increase in its temperature, but the above is sufficiently exact 
for all practical requirements. 

3. TTie expansion of elastic fluids.-^ThiB is produced in two 
ways : 1st, by the removal of pressure from them while their 
temperature remains unchanged ; and 2nd, by the elevation of 
their temperature. 

The law of the gases, known as Boyle's law, or the law of 
Mariotte, is stated by Regnaul t as follows : — ^'* The volumes of 
a given weight of a gas, at a constant temperature, are inversely 
proportional to the pressures which the gas sustains; or, in 
other terms, the densities of the gas, at the same temperature, 
are proportional to the pressure." The theory of the law is, 
that gas being perfectly elastic, its density must vary directly, 
and its volume inversely, as the pressures to which it is sub- 
jected. - " We are accustomed," says Begnault, " to regard the 
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law of Mariotte as the meohanical expression of the perfectly 
gaseous state." 

This celebrated law was first annonnced independently in the 
latter part of the 17th centuryj by the English philosopher 
Boyle, and by the French Ahh6 Mariotte* Up to the time of 
Begnanlt, although other gases had been found to show a 
degree of compressibility more or less greater than according 
to this law they ought to do, and so to be more or less imper- 
fectly elastic, the con-viction had become general, as the result 
of experiments made by the most eminent investigators, that 
atmospheric air followed this law rigorously. 

Begnault, sharing this belief, first alludes to the matter inci- 
dentally in discussing the results of a series of experiments 
conducted for the purpose of determining the density of gases. 
He observes, with respect to air, that "the calculation gives 
constantly a density a little greater than the experiment, but 
the differences are too small to be attributed to anything except 
errors of observation." Further consideration of these and 
other results, however, led him to feel such a degree of uncer- 
tainty on the subject, that, '* notwithstanding the imposing 
authority of the physicists by whose experiments the absolute 
conformity of air to the law of Maiiotte seemed to be demon- 
strated in an incontestable manner," he determined to enter 
upon new researches. 

His experiments took a wide range, and will long be studied as 
models of the method by which certainty is to be reached. It 
pertains to our subject only to state here very briefly their 
results respecting air, which of all gases showed by far the 
closest approach to perfect elasticity. 

These are given in the following Table: — 



Tolaiaa. 


Elastic Force. 


Deficiency as compared 
with the force . 

of Mariotte. 


Percentage of the 
calcalated force which 

amounts to. 


1 
i 
xV 

ft 
ft 


1-0000 

4-9794 

9-9162 

14-8248 

19-7198 


•0206 
•0838 
•1752 

'2802 • 


•412 

•838 

1-168 

1-401 
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This deviation IB SO small that, although in a theoretical point 
of view it is highly important to be known, it may in practice 
be disregarded, and air be considered as a perfect gas. 

The expansion of gases by heat was also re-investigated by 
M. Begnanlt. Two modes of experimenting were followed by 
him : one, to ascertain the change of elastic force which a given 
volnme of gas nndergoes in passing from the freezing to the 
boiling point of water, from which the change of volnme was to 
be calculated, which, according to the law of Mariotte, wonld be 
equivalent to this change of elastic force ; and the other, to 
ascertain directly the change of volume which a given weight 
of gas undergoes in passing through the same change of tempe- 
rature, the elastic force remaining constant. If gases followed 
the law of Mariotte precisely, the result by either of these 
methods should be the same ; but since they do not, the latter 
method only gives the actual expansion. The expansion of air 
caused by raising its temperature from 82^ to 212^ was found by 
him to be, — 



When calculated from the in- 
creased pressure exerted under 
constant volume, *3665. 



YHien the enlargement of vol- 
ume is observed directly under 
constant pressure, '3670. 



From the latter of these we find the co-efficient of the expan- 
sion of dry air for each incre€U3e of V Fahrenheit to be -002039, 
and that it doubles its volume for each increase in its tempera- 
ture of 272-48° centigrade, or 490-4'' Fahrenheit. 

In the case of saturated steam this difficulty is found to exist, 
that the expansion and contraction of its volume consequent on 
changes of pressure and those consequent on changes of tempera- 
ture cannot be investigated separately. At the same time that 
its volume is being contracted by increasing pressure it is being 
expanded by increasing temperature ; and so, on the other hand, 
while expanding as it is relieved from confining pressure, it is 
contracting, or, since it must fill a given capacity, is losing its 
expansive force in a corresponding degree, by reduction of its 
temperature. 

For some unexplained reason this subject was not investigated 
by M. Begnault. It is certain that he originally intended to 
make it the subject of experiment. Indeed, it was a part of the 
task assigned hhn, which was " to determine the principal laws 
and numerical conditions which enter into the calculation of 
steam-engines." 
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In liis general introdnotion he says:— *' But in order to 
calculate, in each case, the weight of a cubic metre of vapour, 
it is necessary to know : 1. The laws according to which the 
density of saturated 9team varies under different pressures ; 
and, 2. The coefficient of the dilatation (or expansion by heat) 
of the .vapour of water taken in different states of density* 
Mechanicians admit, for the most part, that the weight of a 
cubic metre of vapour of given pressure and temperature may 
be calculated by applying to it the law of Mariotte, and the 
law of the uniform dilatation of gases. But these laws are 
not rigorously exact even for the permanent gases, and it is 
to be feared that they may be completely false for saturated 
vapours." 

Again, at the opening of his memoir upon the determination 
of the density of gases he observes : — " The necessity for deter- 
mining with precision the density of the vapour of water, under 
different circumstances of temperature and pressure, has led me 
to study the methods which are employed to determine the 
densities of elastic fluids." But, ^ after aJl, he seems never to 
have reached this branch of his vast subject. 

Mr. Bankine has computed the density of steam from its 
latent heat of evaporation. He finds the densities at different 
temperatures to be greater than those corresponding to the 
perfectly gaseous state. " For steam at low temperatures," he 
remarks, " the difference is trifling, but increases rapidly as the 
pressure increases." 

Mr. Bankine's computation of the weight of steam has been 
here followed for pressures below 16 lbs. For higher pressures, 
the weight and corresponding specific volume are taken from 
the Table of Fairbaim and Tate, which there agrees pretty 
doeely with that of Mr. Bankine. 

In the former editions of this treatise the weight and specific 
volume of steam have been given, as computed according to the 
gaseous laws. Subsequent observation seems, however, to show 
that its density increases more rapidly than these call for, and 
probably nearly in the ratio given by the above-named authori- 
ties. A degree of uncertainty still invests the subject. The 
single experimental determination of the specific volume of 
steam, at 212*^ and under one atmosphere of pressure, from 
which former tables have been computed, is itself rejected. 
Mr. Bankine says, *' There is no direct experimental deter- 
mination of the exact amount or law of the excess " (in the 
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weight of steam akboye that which the gaseotu laws would 
aeem to require). "The general law which it follows is 
nnknown/* There seems to be a real need of experiments on 
this subject which 'shall be conclusive in their natnre, but the 
difficulties which surround it are such that these are scarcelj to 
be hoped for. 

It seems necessary to be stated that there is no such thing 
as steam gas, or gasification, or heat of gasification, in the 
sense in which these terms have been employed, as distin- 
g^uished, on the one hand, from simple steam and evaporation, 
and heat of vaporisation ; and, on the other hand, from super- 
heated steam. 

Steam exists only as saturated and as superheated steam. 
The number of thermal units contained in the former is given 
in the following Tables. The additional number contained in 
the latter is found by multiplying the degrees of superheat — 
by which the temperature exceeds that of saturated steam 
under the same pressure — ^by the decimal * 48051. Experi- 
ments have proved that all the heat abandoned by stean^ 
when condensed, is thus accounted for. 
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Table II. 

Giving the Number of Thermal Units contained in One Pound of 
Water, at temperatures from 35° to 890° Fdhreaheit. 



1 


Number of 




1 


Number of 




1 


Namberof 




1 


Thermal 


Increase. 


^ 


Thermal 


Increase. 


g 


Thermal 


increase. 


Units. 




Units. 




H 


Units. 




35° 


35-000 


w r\f\-* 


156° 


166-339 


5-034 


275° 


276-986 


5-107 








5 


UUl 








6-036 






5-110 


40 


40 


001 




001 


160 


160 


•374 




280 


'282-096 










6 








6-039 






5-115 


45 


45 


002 




001 


166 


166 


•413 




286. 


287-210 










5 








6-040 






5-119 


50 


50 


003 




003 


170 


170 


•463 




290 


292-329 










6 








5-044 






5-123 


55 


65 


006 


5 


003 


176 


176 


497 


5-046 


296 


297-452 


6-128 


60 


60 


009 


5 


005 


180 


180 


642 


6-049 


300 


302-680 


6-132 


65 


65 


014 


5 


006 


186 


185 


691 


6-052 


306 


307-^12 


6-136 


70 


70 


020 


6 


007 


190 


190' 


643 


6-054 


310 


312-848 


6-140 


75 


75 


027 


6 


009 


196 


195 


697 




316 


317-988 
















6-056 






6-146 


80 


80 


036 


6' 


009 


200 


200' 


763 


5-060 


320 


323-134 


5-160 


85 


85 


045 


5 


010 


206 


205' 


813 


5-061 


326 


328-284 


5-164 


90 


90 


055 




012 


210 


210 


874 




330 


333-438 










6' 








5-066 






6-168 


95 


96 


067 


6 


013 


216 


216 


939 


5*068 


335 


338-596 


5-163 


100 


100 


080 


5 




220 


221 


007 




340 


343-769 










015 








5-071 






5-168 


105 


105 


095 


5 




226 


226' 


078 




345 


348-927 










015 








. 6-075 






5-174 


110 


110 


110 


5 




230 


231 


163 




360 


364-101 










019 








6-079 






6-179 


115 


115 


129 


5 
5 


020 
020 


236 


236 


232 




366 


359-280 




120 


120 


'149 


240 


241 


313 


5-081 


360 


364-464 


5-184 














5-085 






5-189 


125 


125 


169 


6 


•023 


246 


246 


398 




366 


369-653 
















5-089 






6-193 


130 


130 


192 


5 


•026 


260 


261 


487 




370 


374-846 
















5-092 






5-198 


135 


136 


•217 


5 


•028 


265 


266 


•679 




375 


380-044 
















6*096 






5-203 


140 


140 


245 


6 


•030 


260 


261 


•674 




380 


385-247 
















5-100 






5-209 


145 


145' 


275 


K 


r\nr\ 


265 


266 


-774 




385 


390-456 










o'\}oy) 


■ 






6-104 






6-216 


150** 


150-305 




270*^ 


271-878 




390° 


396-672 
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Table VI. 
HYPERBOLIC LOGARITHMS. 

In estimating the power which an engine will exert with a 
given pressure of steam, to be cut off at any given point of the 
stroke, we ascertain the mean pressure on the square inch 
which will be exerted during the stroke hy means of the Table 
of Hyperbolic Logarithms, which latter are calculated for 
expansion according to the law of Mariotte. 

Role. — Divide the length of the stroke by the length of the 
space into which the steam is admitted ; find in the Table the 
logarithm of the quotient. If the quotient is not in the Table, 
its logarithm will be found by adding the relative difference to 
the logarithm of the nearest smaller number ; as, for example, 
the logarithm of 1-28 is -223 + -024 = -247. Then find the 
terminal pressure, by dividing the initial pressure by the 
proportion of the stroke during which the steam is admitted. 
And muptiply it by the log&rithm + 1 found as above; 'the 
product will be the mean pressure through the stroke. 

jE^ampIe.— -Suppose the length of the stroke to be 48 inches,* 
the initial pressure to be 80 lbs. per square inch, and the steam 
to be cut off at 12 inches of the stroke, what will be the mean 
pressure? 

48 -r 12 = 4. Hyp. log. of 4 = 1-886 + 1 = 2-886. 

Then, 80 -r- 4 = 20 x 2-886 = 47-72 lbs., the mean pressure 
required. 

The presfifures given above are the total pressures, measured 
from perfect vacuum. To find the initial pressure, add the 
atmospheric pressure to the pressure shown by the gauge, and 
from the mean pressure found as above subtract the counter- 
pressure, to ascertain the effective mean pressure exerted. 
Thus, in the above case, the gauge is supposed to show a 
pressure of 65 lbs. only, and if the calculation is being made 
for a condensing engine, the eistimated loss from* imperfect 
vacutim must be subtracted, and if for a noa-condensing engine 
the pressure of the atmosphere, and also any estimated oount.erl 
pressure above that, must be subtracted, from 47-72 lbs., the 
mean pressure obtained by the calculation. 
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Tablk of Htperbolic Logarithms. 



Numlx 


Log. 


Nnmb. 


Log. 


Niiml>. 


Log. 


. Numb. 


L«g. 




05 


049 


2-55 


• -936 


4-05 




•399 


5-55 


1-714 




1 


096 


2-6 


•956 


41 




•411 


5-6 


1-723 




15 


•140 


2-65 


•975 


4-15 




•423 


5-65 


1-732 




2 


•182 


2-7 


«993 


4-2 




•435 


5-7 


1-740 




25 


•223 


2-76 


1-012 


4-25 




•447 


5-75 


1-749 




•3 


•262 


2-8 


1-030 


4-3 




•459 


5-8 


1-768 




•35 


•300 


2-85 


1-047 


4-35 




•470 


5-85 


1-766 




4 


•336 


2-9 


1-065 


4-4 




•482 


5-9 


1-775 




•45 


•372 


2-95 


1-082 


4-45 




•498 


5-95 


1-783 




•5 


•405 


3-0 


1*099 


4-5 




•504 


6-0 


1-792 




•55 


•438 


3-06 


1-115 


4-55 




•515 


6-05 


1.-800 




•6 


•470 


31 


1-131 


4-6 




•526 


6-1 


1-808 




65 


•500 


315 


1-147 


4-65 




•637 


6-16 


1-816 




7 


•531 


3-2 


1-163 


4-7 




•648 


6-2 


1-824 




•75 


•560 


3-25 


1-179 


4-75 




•558 


6-25 


1-833 




8 


•588 


3-3 


1-194 


4-8 




•569 


6-3 


1-841 




•85 


•615 


3-35 


1-209 


4-85 




•579 


6-36 


1-848 




•9 


■642 


3-4 


1-224 


4-9 




•589 


6-4 


1-856 




•95 


•668 


3-45 


1-238 


4-95 




•599 


6-45 


1-864 


2 


•0 


•693 


3-5 


1-253 


5-0. 




609 


6-5 


1-872 


2 


05 


•718 


3-55 


1-267 


5-05 




619 


6-55 


1-879 


2 


1 


•742 


3-6 


1-281 


51 




629 


6-6 


1-887 


2 


15 


•765 


3-65 


1-205 


6-15 




639. 


6-65 


1-895 


2 


•2 


788 


3-7 


1-308 


5-2 




649 


6-7 


1-902 


2 


25 


811 


3-75 


l-3'22 


5-25 




658 


6-75 


1-910 


2^ 


3 ' 


833 


3-8 


1-335 


5-3 




668 


6-» 


1-917 


-2 


35 


854 


3; 85 


1-348 


5-35 


J. 


677 


6-85 


1-924 


2 


4 


875: 


3-9 


1-361 


5-4 




686 


6-9 


1-931 


?■ 


45 • 


896 


3-95 


1-374 


5-45 




696 


6-95 


1-939 


2' 


5 • 


916 1 


4-0 


1-386 


5-5 




705 


7-0 


1-946 
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Tablb of Htpebbolio Looabithms — continued^ 



. Numb. 


Log. 


Numb. 


Log. 


Numb. 


Log. 


Nomb. 


w. 


7-05 


1-963 


8-05 


2-086 


9-06 


2-203 


15- 


2-708 


7-1 


1-960 


8-1 


2-092 


9-1 


2-208 


20- 


2-996 


7-16 


1-967 


8-15 


2-098 


9-16 


2-214 


25- 


3-219 


7-2 


1-974 


8-2 


2-104 


9-2 


2-219 


30- 


3-401 


7-26 


1-981 


8-26 


2-110 


9-26 


2-226 


35- 


3-666 


7-3 


1-988 


8-3 


2-116 


9-3 


2-230 


40- 


3-689 


7-35 


1'995 


8-36 


2-122 


9-35 


2-235 


45- 


3-807 


7-4 


2-001 


8-4 


2-128 


9-4 


2-241 


50- 


3-912 


7-45 


2-008 


8-46 


2-134 


9-45 


2-246 


55- 


4-007 


7-5 


2-016 


8-6 


2-140 


9-5 


2-251 


60- 


4-094 


7-65 


2-022 


8-65 


2-146 


9-55 


2-257 


65- 


4-174 


7-6 


2-028 


8-6 


2-152 


9-6 


2-262 


70- 


4-248 


7-66 


2.-036 


8-66 


2-158 


9-66 


2-267 


75- 


4-317 


7-7 


2-041 


8-7 


2-163 


9-7 


2-272 


80- 


4*382 


7-76. 


2*048 


8-75 


2-169 


9-75 


2-277 


85- 


4-443 


7-8 


2-054 


8-8 


2-176 


9-8 


2-282 


90- 


4-500 


7-86 


2-061 


8-86 


2-180 


9-85 


2-287 


96- 


4-554 


7-9 


2-067 


8-9 


2-186 


9-9 


2-293 


100- 


4-606 


7-95 


2-0*3 


8-96 


2-192 


9-96 


2-298 


1000 1 


6-908 


8-0 


2-079 


9-0 


2-197 


10-0 


2-303 


10,000 


9-210 



8U 
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Table VIL 

Area$ of Cirdea^ in Square Inehes, from ^ in. to 4 im. diameter^ 
varying hy tixteenths; and from 4 tfif. to 100 tn«. diameter, 
varying by quarter-inchea. 



Dtameter 


Axwin 


nUniKer 


Areata 


numetar 


▲resin 


In Indies. 


8q. Inches. 


in Inches. 


8q. lnci*e«. 


In Inches. 


8q. inches. 


tV 


•00307 


2tV 


4^6664 


6-75 


35-78 


i 


•01227 


2i 


4^9087 


7 




38-48 


A 


•02761 


2A 


5^1573 


7 


•25 


41-28 


i 


•04909 


2f 


5-4119 


7 


•5 


44-17 


iV 


•07670 


m 


6-6727 


7 


•75 


47-17 


i 


•11045 


2J 


5-9396 


8 




50-26 


A 


•15033 


2« 


6-2126 


8 


•25 


53-45 


T 


•19635 


2| 


6^4918 


8 


•5 


56-74 


X 


•24850 


m 


6^7772 


8 


•75 


60-13 


t 


•30680 


3 


7-0686 


9 




63-61 


H 


•37122 


3^ 


7 •3662 


9 


25 


67-19 


i 


•44179 


3* 


7-6699 


9 


5 


70^88 


« 


•51849 


3A 


7^9798 


9 


•75 


74-66 


i 


•60132 


31 


8^2958 


10 




78-54 


H 


•69029 


3A 


8-6179 


10 


25 


82-51 


1 


^78540 


H 


8^9462 


10 


•5 


86-59 


lA 


•88664 


A 


9-2806 


10 


•75 


90-76 


H 


•99402 


3i 


9 •6211 


11 




95-03 


it. 


1-1075 


^•9678 


11 


•25 


99-40 


1-2272 


3f 


10^321 


11 


•5 


103-86 


lA 


1-3530 


m 


10^680 


11 


•75 


108--38 


H 


1-4849 


n 


11^045 


12 




113-10 


lA 


1-6230 


m 


11-416 


12 


•25 


117-86 


H 


1^7671 


H 


11^79S 


12 


•5 


122-72 


lA 


1-9175 


3ft 


12-177 


12 


•75 


127-68 


If 


2 0739 
2-2365 






13 
13 


•25 


132-73 
137^89 






ij 


2-4053 


4- 


12^56 


13 


•5 


143-14 


m 


2-5802 


4^25 


14^18 


13 


•75 


148^49 


n 


2-7612 


4^5 


15^90 


14 




153-94 


m 


2-9483 


4-75 


17^71 


14 


•25 


159-49 


2 


3-1416 


6- 


19-63 


14 


•5 


165-13 


2tV 


3-3410 


5-25 


21-64 


14 


•75 


170-87 


2* 


3-5466 


5-5 


23-75 


15 




176-71 


2A 


3-7583 


5^75 


25-96 


15 


25 


182-65 


2* 


3^9761 


6^ 


28-27 


15 


5 


188-69 


2A 


4v2001 


6^25 


30-67 


15 


75 


194-83 


^ 


4-4301 


6^5 


33-17 


16- 


201 -OG 
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Tablb VII. — continued. 



81 



DLuneter 


Area in 


Diameter 


Area in 


Diameter 


Are«ip 


in Inches. 


Sq. Inches. 


in Inches. 


Sq. Inches. 


in Inches. 


Sq. Inches. 


16-26 


207-39 


27-25 


583-21 


38-25 


1149-09 


16-5 


213-83 


27-5 


593-96 


38-5 


1164-16 


16-75 


220-35 


27-75 


604-81 


38-75 


1179-33 


17- 


226-98 


28- 


615-75 


39- 


1194-59 


17-25 


233-71 


28-25 


626-80 


39-25 


1209-96 


17-5 


240-53 


28-5 


637-94 


39-5 


1225-42 


17-75 


247-45 


28-75 


649-18. 


39-75 


1240-98 


18- 


254-47 


29- 


660-52 


40- 


1256-64 


18-25 


261-59 


29-25 


671-96 


40-25 


1272-40 


18-5 


268-80 


29-5 


683-49 


40-5 


1288-25 


18-75 


276^12 


29-75 


696-13 


40-75 


1304-21 


19- 


283-53 


30- 


706-86 


41- 


1320^26 


19-25 


291-04 


30-25 


718-69 


41-25 


1336-41 


19-5 


298-65 


30-5 


730-62 


41-5 


1352-66 


19-75 


306-36 


30-75 


742-64 


41-75 


1369-00 


20- 


314-16 


31- 


764-77 


42- 


1385-44 


20-25 


322-06 


31-25 


766-99 


42-25 


1401-99 


20-5 


330-06 


31-5 


779-31 


42-5 


1418-63 


20-75 


338 16 


31-75 


791-73 


42-75 


1435-36 


21- 


346 36 


32- 


804-25 


43- 


1452-20 


21-25 


354-66 


32-25 


816-87 


43-25 


1469-14 


21-5 


363-05 


32-5 


829-58 


43-5 


1486-20 


21-75 


371-54 


32-75 


842-39 


43-75 


1503-30 


22- 


380-13 


33- 


855-30 


44- 


1520^53 


22-25 


388-82 


33-25 


868-31 


44-25 


1537-86 


22-5 


397-61 


33-5 


881-42 


44-5 


1555-29 


22-75 


406-49 


33-75 


894-62 


44-75 


1572-81 


23- 


415-48 


34- 


907-92 


45- 


1590-44 


23-25 


424-56 


34-26 


921-32 


45-26 


1608-16 


23-5 


433-74 


34-5 


934-82 


45-6 


1625-97 


23-75 


443-01 


34-75 


948-42 


45-75 


1643-89 


24- 


452-39 


35- 


962-12 


46- 


1661-91 


24-25 


461-86 


35-25 


975-91 


46-25 


1680-02 


24-5 


471-44 


35-5 


989-80 


46-5 


1698-23 


24-75 


481-11 


35-75 


1003-79 


46-75 


1716-54 


25- 


490-87 


36- 


1017-88 


47- 


1734-95 


25-25 


500-74 


36-25 


1032-06 


47-25 


1753-45 


25-5 


■510-71 


36-5 


1046-35 


47-5 


1772-06 


25-75 


520-77 


36-75 


1060-73 


47-75 


1790-76 


26- 


530-93 


37- 


1075-22 


48- 


1809-56 


26-25 


541-19 


37-25 


1089-79 


48-25 


1828-41 


26-5 


651-55 


37-5 


1104-47 


48-5 


1847-26 


26-75 


562-00 


37-75 


1119-24 


48-75 


1866-26 


^7- 


572-56 


38- 


1134-12 


49- 


1884-96 



82 
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Table VII. — oontinued. 



DUoMter 




1 

niwnetiT 


Araaln 


Diameter 


Arasln 


iulDChM. 


8q. Inches. 


In Inches. 


Sq. Inches. 


in Inches. 


8q.inehesL 


49-25 


1905-03 


60*. 26 


2851-0 


71-26 


3987-1 


49-5 


1924-23 


60-5 


2874-7 


71-5 


4016-1 


49-75 


1943-86 


60-75 


2898-5 


71-75 


4043-2 


SO- 


1963-50 


61- 


2922-4 


72- 


4071-6 


SO -25 


1983-18 


61-25 


2946-4 


72-25 


4099-8 


50-5 


2002-77 


61-5 


2970-5 


72-5 


4128-2 


50-75 


2022-40 


61-75 


2994-7 


72-75 


4156-7 


51- 


2042-82 


62- 


3019-0 


73- 


4186^3 


51-25 


2062-46 


62-25 


3043-4 


73-25 


4214-1 


51-5 


2082-88 


62-5 


3067-9 


73-5 


4242-9 


51-75 


2103-30 


62-75 


3092-5 


73-75 


4271-8 


52- 


2123-72 


63- 


3117-2 


74- 


4300-8 


62-25 


2144-14 


63-25 


3142-0 


74-26 


4329-9 


52-5 


2164-56 


63-5 


3166-9 


74-5 


4359-1 


52-75 


2184-98 


63-75 


3191-9 


74-75 


4388-4 


53- 


2206*18 


64- 


3216-9 


75- 


4417-8 


53-25 


2226-60 


64-25 


3242-1 


75-25 


4447-3 


53-5 


2247-81 


64-5 


3267-4 


76-6 


4476-9 


53-75 


2269-02 


64-75 


3292-8 


75-75 


4506-6 


54- 


2290-22 


65- 


3318-3 


76- 


4636-4 


54-25 


2311-43 


65-25 


3343-8 


76-26 


4666-3 


54-5 


2332-63 


65-5 


3369-5 


76-5 


4596-3 


54-75 


2353-84 


65-75 


3395-3 


76-75 


4626-4 


55- 


2375-83 


66- 


3421-2 


77- 


4666-6 


55-25 


2397-04 


66-25 


3447-1 


•77-25 


4686-9 


55-5 


2419-03 


66-5 


3473-2 


77-5 


4717-3 


55-75 


2441-02 


66-75 


3499-3 


77-75 


4747-7 


56- 


2463-01 


67- 


3625-6 


78- 


4778-3 


56-25 


2485-01 


67-25 


3562-0 


78-25 


4809-0 


56-5 


2606-99 


67-5 


3678-4 


78-6 


4839-8 


56-75 


2628-98 


67-75 


3606-0 


78-76 


4870-7 


57- 


2651-76 


68- 


3631-6 


79- 


4901-6 


57-25 


2573-75 


68-25 


3658-4 


79-25 


4932-7 


57-5 


2596-53 


68-5 


3685-2 


79-5 


4963-9 


57-75 


2619-30 


68-75 


3712-2 


79-75 


4995-1 


58- 


2642-08 


69- 


3739-2 


80- 


6026-5 


68-25 


2664-86 


69-25 


3766-4 


80-25 


6068-0 


68-6 


2687-63 


69-6 


37'93-6 


80-6 


6089-5 


68-75 


2710-41 


69-75 


3821-0 


80-75 


6121-2 


59- 


2733-97 


70- 


3848-4 


81- 


6163-0 


69-25 


2756-57 


70-26 


3875-9 


81-25 


6184-8 


69-5 


2780-31 


70-5 


3903-6 


81-5 


6216-8 


69-75 


2803-58 


70-76 


3931-3 


81-76 


6248-8 


60- 


2827-4 


71- 


3959-2 


82- 


5281-0 



THE BICHABDS STEAM-ENGINE INDICATOR* 



b'6 



Table VII. — continued. 



Diameter 


Area in 


Diampter 


Area in 


Diameter 


Area in 


•lu Inches. 


bq. Inches. 


in Inches. 


Sq. Inches. 


in Inches. 


Sq. Inches. 


82-25 


5313-2 


88-25 


6116-7 


94-25 


6976-7 


82-5 


5345-6 


88-5 


6151-4 


94-5 


7013-8 


82-75 


5378-0 


88-75 


6186-2 


94-75 


7050-9 


83- 


6410-6 


89- 


6221-1 


95- 


708?-2. 


83-25 


5443-2 


89-25 


6256-1 


95-25 


7125-5 


83-5 


5476-0 


89-5 


6291-2 


95-5 


7163-0 


83-75 


5508-8 


89-75 


6326-4 


95-75 


7200-5 


84- 


5541-7 


90- 


6361-7 


96- 


7238-2 


84-25 


5574-8 


90-25 


6397-1 


96-25 


7275-9 


84-5 


5607-9 


90-5 


6432-6 


96-5 


7313-8 


.84-75 


5641-1 


90-75 


6468-2 


96-75 


7351-7 


85- 


5674-5 


91- 


6503-8 


97- 


7389-8 


85-25 


5707-9 


91-25 


6539-6 


97-25 


7427-9 


85-5 


5741-4 


91-5 


6575-5 


97-5 


7466-2 


85-75 


5775-0 


91-76 


6611-5 


97-75 


7504-5 


86- 


5808-8 


92- 


6647-6 


98- 


7542-9 


86-25 


5842-6 


92-25 


6683-8 


98-25 


7581-5 


86-5 


5876-5 


92-5 


6720-0 


98-5 


7620-1 


86-75 


5910-5 


92-75 


6756-4 


98-75 


7658-8 


87- 


5944-6 


93- 


6792-9 


99- 


7697-7 


87-25 


5978-9 


93-25 


6829-4 


99-25 


7736-6 


87-5 


6013-2 


93-5 


6866-1 


99-5 


7775-5 


87-75 


6047-6 


93-75 


6902-9 


99-75 


7814-7 


88- 


6082-1 


94- 


6939-9 


100- 


7854-0 



If the areas of larger cylinders are required, they will be 
found by the following Bule: — ^Multiply the square of the 
diameter in inches by the decimal *7854, and ihe product will 
be the area in square inches ; or, multiply half the circumference 
by half the diameter. 



PART THIRD. 



SECTION I. 

DIRECTIONS FOR ASCERTAINING FROM THE DIA- 
GRAM THE POWER EXERTED BY THE ENGINE. 

The cnstom was introduced by Watt, and has since been 
generally followed in England, to designate the size of engines 
in measures of "horse-power." Watt ascertained by experi- 
ment that the power of London draught-horses, exerted -vHth 
ordinary continuance, was to lift 33,000 lbs. one foot in one 
minute, and this is now employed, wherever English measure- 
ments are used, as the unit of measurement of the actual power 
of steam-engines. " 

When this measurement was introduced, steam was used only 
at the atmospheric pressure of 14 '7 lbs. on the square inch, 
which is the unit of area commonly employed. Of this pressure, 
4*7 lbs. were considered to be lost by imperfect condensation, 
and 8 lbs. by the friction of the engine, leaving 7 lbs. for 
efifective pressure upon the piston, and the speed of piston 
employed was about 220 feet per minute. At the present day, 
pressures are employed varying from one to ten or twelve 
atmospheres, the^former, however, being now rarely met with, 
and the speeds of piston rfmge from 220 to 1000 feet per minute. 
Originally, the number of horse-powers defined- at once the 
size and the power of an engine ; but when a variety of 
pressures and speeds came to be employed, the same expression 
could no longer answer both of these purposes, and a distinction 
was introduced, and still prevails, between the " nominal" and 
the «* actual" horse-power, the former being applied to the size 
of engines, irrespective of the pressure or speed employed, and 
the latter to the power which they exert. The term " nominal 
horse-power" has, moreover, acquired a variety of significations 
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in diffe)*e]3t localitiea, and it has beoom& difficult to tell, in any 
case, .precisely what is meant by it ; but, fortiinately, we shall 
tave no occasion to make any further reference to it, as it js 
entirely a commercial expression. 

The Indicator famishes one of the data for ascertaining the 
actual power exerted by the steam-engine; gamely, the mean 
or average pressure of steam during the stroke on each square 
inch of the piston, or, more accurately, the excess of pressure on 
th^ acting side of the piston to produce motion, over that on 
the opposite side to resist it. 

It is of no consequence, in this respect, what the character of 
the diagram may be, whether most wasteful, like the one 




shown in fig, 1&, page 88, or most economical, like fig. 12 ; 
for the purpose of ascertaining the power exerted, we have 
merely to measure its included area, and so get the mean 
pressure o|i a square inch during the stroke, which this area 
represents. , This pressure being multiplied into the number of 
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square inohes, we have the total number of ponnds of force 
exerted. This force is acting through the distance travelled 
by the piston. We mnltiply it. by the distance in feet through 




which the piston travels in one minute, and the product is the 
numherof foot-pounds of force exerted in one minute. This, 
di|Vi4ed.by 33,000, gives the number of horse-powers. • It is to 
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be observed that in this etJculatioii force and distance are 
treated as convertible. However extremely unequal, as in 
fig. 8, page 89, the pressnre9 may be atdififerent points of the 
stroke, these are all reduced to an average pressure, which is 
conceived to be uniformly exerted through the stroke. Then, 
finally, all the power exerted in a minute is conceived as a 
certain number of pounds of force exerted through one foot. 

The above calculation gives what is called 'the indicated 
power * of the engine. Concerning this we are to observe, first, 
that it is not the gross power exerted. Hie iDcluded area of the 
diagram represents only the difference between the opposing 
forces which act to produce and to resist the motion of the 
piston. The force of the steam must in all cases be first applied 
to overcome what is called the back pressure. In a non-con- 
densing engine this must be at least the pressure of the atmo- 
sphere. It is always, in &ct, move than this by the amount of 
force that is required to expel the exhaust steam through the 
port, passages, and pipe against the resistance of the atmo- 
sphere. Sopietimes the excess of back pressure above that of 
the atmosphere is scarcely perceptible, as in Diagram No. 11. 
In a badly constructed engine, on the other hand, the force 
required for this purpose may be very great, as in diagram 
No. 18, which is almost too bad in this respect to be credited, 
but the original of which is preserved by the writer *among 
mementos of the Exhibition of 1862. The usefulness of the 
Indicator in revealing defects of this nature can hardly be 

. estimated. It has been seen that it showed in the locomotive 
engines of the London and South- Western Bailway, as they 
were running twelve years ago, a back pressure of 10 lbs. above 
that of the atmosphere. The office of the condenser and air- 
pump is to remove the back pressure or resistance of the atmo- 
sphere from the piston of the engine to the piston or plunger of 
the air-pump ; by which means indeed it is, to the extent of the 
vacuum obtained, got rid of altogether ; since the atmosphere 
ei^erts there the same force to produce motion in one direction 
that it does to oppose it in the contrary one. But in all cases 
it is only the net power exerted, after deducting that necessary 
to overcome the back pressure, that is represented in the 
included are^ of the diagram. .' 

But, second, we are to observe, that neither does the diagram . 

represent the effective power given off by the engine. 
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Friction, — To ascertain the effective power of an engine, it is 
necessary to deduct from the power represented by the diagram 
that which is expended in overcoming the friction of the engine 




itself. This is properly divisible into two parts: first, the 
power required to drive the engine alone, or idle ; and, second, 
that required to overcome the increased friction, if any, in the 
guides and bearings when it is running under the weight of its 
load, • 
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The first of these Ti'e can generally ascertain, in the case 
of stationary engines, by taldng what are called frictional 
diagrams. Diagram No. 8, is a diagram supposed to repre- 
sent the power exerted in driving, an engine, and an idle line 
of ahafting. . Sometimes it is, as it was in this case, impos- 




sible to relieve the engine of cUl its load. The expansion line 
oroBtes the line of counter-pressure at B ; the net power is the 
difference of the two areas. This may as well be explained 
here. The expansion of the steam takes place in the closed 
cylinder, and goes op without referonce to any external oon- 

G 
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ditioDS of pressure whatever, and in this case we see the 
pressure falling to a point considerably below that of the 
atmosphere. The back pressure on the non-acting side of the 
piston can noTer be got rid of. The return line of the diagram 
shows this back pressure during the return stroke. Assuming 
it to have been the same during the forward stroke, while this 
expansion line was being drawn, it is evident that during six- 
tenths of the stroke it was greater than the forward pressure, 
and so the net force, or difference of the two opposing forces, was 
exerted through this period to stop the engine. Now the force 
exerted during the first four-tenths of the stroke in the forward 
direction, had first to be applied to neutralise this retarding 
force, and it was only the excess which was available to produce 
motion.. This will appear still more clearly by-and-by, when 
we come to treat of the real diagram. 

In taking the frictional diagram, extreme care should be 
observed that, at the moment when it is taken, the speed of the 
engine is not being in the least degi)ee accelerated or retarded. 
We want to learn with certainty the force that is required to 
maintain uniform motion. But if the motion is being accele- 
rated, or if, on the other hand, it is not being maintained, 
obviously the diagram will be larger or smaller than the true 
frictionid diagram, and may be so in almost any degree. 

If the Indicator is left to run for some time, and the diagram 
steadily repeats itself, then its truth in this respect is demon- 
strated, as it cannot be so conclusively in any other way. In 
many engines the diagram will not repeat itself precisely. 
Then no single figure can represent the power being exerted. 
It is necessary in such cases tbat a sufficient number of sucoen- 
sive figures be drawn, when the mean of all these will be the 
true diagram. 

Where the valves work under pressure, the full pressure must 
be admitted to the chest when the frictional diagram is taken, 
as in diagram No. 8. It is very convenient to throttle the 
steam, and admit only the trifling pressure necessary to drive 
the engine when the steam is following the piston as far 
a6 tiie valve-movements will permit ; but this is admissible 
otly when equilibrium valves are employed. The pressure 
required to drive an engine alone depends greatly on its con- 
struction and condition. If well made, and in ^3od running 
orddr, one pound on the square inch will often be sufficient. 
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iirespective of that required to drive the air-pump. In great 
engines this should be sufficient to drive the air-pump also. 
The speed at which the engine is run seems to make no appre- 
ciable difference in this respect, and, what appears more 
singular, the power required is not observed to increase with 
increase in the size of the bearings. Probably the greater extent 
of the surface compensates, by the superior lubrication, for its 
increased velocity. A slight derangement, or want of lubrica- 
cation, causes a marked increckse in the frictional diagram. In 
no other case is the exquisite exactness of the representation 
made by the Indicator seen so well as here. 

The increase in the friction of the guides and bearings when 
the engine is running under the weight of its load, depends on 
the same conditions of construction, &c. which affect the resist- 
ance that the engine meets when running alone. Little is 
really known about it. 

There is no doubt that, other things being equal, the friction 
will vary directly as the pressure ; but often the pressure in the 
bearings is actually less when the engine is driving its load than 
when it is running idle. The strain of a belt, or the force 
exerted on the teeth of gears, may tend directly to lift the fly- 
wheel, transferring a portion of the weight to the bearings of a 
smaller shaft; a point not undeserving. the attention of engi^ 
neers seeking to attain the best results. The reader who shaM 
make himself acquainted with Part V. of this treatise will see 
the conditions under which the friction on the crank-pin and 
main bearing is not increased at aU by loading the engine. 
Experiments with the friction-brake have shown no appreciable 
difference between the losses of power in friction when very 
small and when very heavy loads were being driven by the 
same engine. There is nothing for confounding siiperficial 
reasoning like an experiment. 

We will now describe the mode of ascertaining from th^ 
diagram the mean pressures on the opposite sides of the piston 
during the stroke, in condensing and in non-condensing engines. 

DivUions of the diagram. — ^For this purpose divide the diagram, 
first of all, into ten equal parts, by lines drawn perpendicular to 
the atmospheric line. Sometimes, as in diagram Na 8, it will 
be necessary to subdivide some of these divisions, and perhaps 
to divide again the subdivisions so obtained, and very nicQ 

G 2 
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obflervers may divide the whole diAgram into twenty or more 
parts, bnt the basis is always the division of the length of the 
diagram into ten exactly eqnal parts, and commonly this divi- 
sion is sufficient* A convenient instrament for facilitating this 
operation, saving time, and insuring accuracy, is furnished with 
these Indicators. It consists of a parallel ruler of eleven bars 
of thin steel, and a small square. A line perpendicular to the 
atmospheric line is first drawn by the square at one end of the 
diagram, when, the outer edge of bar No. 1 being brought to 
this line, and the inner edge of bar No. 11 to the opposite end 
of the diagram, the dividing lines are drawn with a sharps 
pointed pencil, or, on the metallic paper, with a common pin. 
If twenty divisions are. desired, the intermediate lines for this 
purpose will also be readily drawn by means of this instrument, 
points being first marked in the middle of the outer divisions. 
It is an excellent practice to divide the diagram into equal 
divisions also, by lines drawn parallel with the atmospheric 
line, each division representing a certain number of pounds 
pressure, generally five or ten, and the lines being numbered on 
the margin according to the scale of the Indicator, and con- 
tinued upward to the boiler pressure. By this means the 
engineer is able to observe more accurately the general nature 
of the diagram. The same instrument may be employed also 
for this purpose. 

On diagrama firom eondeming engines the line of perfect vacuum 
should also be drawn at the bottom. The line of perfect 
vacuum varies in its distance from the atmospheric line, or, 
more correctly, the latter varies in its distance from the former, 
according to the pressure of the atmosphere, as shown by the 
, barometer, from 18*75 lbs. on the square inch when the 
mercury stands at 28 inches, to 15 lbs. when it stands at 
30*54 inches (vide Table No. III. page 58); and it should be 
drawn according to the fact, if this can be ascertained. The 
engineer should always have a good aneroid in his pocket. The 
pressure of the atmosphere is usually reckoned at 15 lbs., 
which is too high, being correct only when the barometer 
stands at 30*54 inches — a most unusual occurrence.; but the 
error is unimportant^ and it^is very convenient to avoid the use 
of a fraction, and to say that 30 lbs., 45 lbs., 60 lbs., and so on 
Topreseut 2, 3, 4, 5, 6 atmospheres of pressure. 

The principal object of knowing the exact pressure of the 
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atmosphere is to asoertain the daty performed by the condenser 
and air-pump. The temperature of the discharge being known, 
the pressure of vapour inseparable from that temperature is 
also known (vide Table No. III. page 58), and this being de- 
ducted from tiie actual pressure of the atmosphere, the remainder 
is the vacuum in which the water would boiL The power of 
the air-pump is shown in the closeness with which the vacuum 
approaches this point. 

MeaturemeiU of the diagram. — The diagram having been ac- 
curately divided, in the manner above explained, we are now 
ready to measure the mean pressure shown in each one of the 
equal divisions ; and these being added together, and their sum 
divided by the number of divisions, we shall have the average 
pressure during the stroke. To measure the pressures with 
exactness requires a good eye and some practice. If the upper 
and lower boundaries of a division are straight lines, tiien, 
whatever angles these may form with the sides or dividing lines, 
the mean pressure will be accurately measured between their 
middle points. But often the upper or lower line is curved, or 
broken, or irregular, and then it is necessary first to draw or 
imagine a straight line, which will include the same area that 
is included by the line on the diagram, and then we can take 
the middle point of this line to measure from. When a waving 
line is drawn by the Indicator we can draw in by hand the 
real line, which is the mean of the oscillations ; but the better 
way is to follow the oscillations themselves, and measure the 
area of the very figure the Indicator has described. It is, how- 
ever, sometimes necessary^ as in fig. 29, page 107, to draw in the 
line representing the mean of a serrated line at Ihe commence- 
ment of the stroke, and to measure from a point on that line. 

Diagram No. 8 presents a reasonable number of difficulties 
and will afford a good lesson in measurement. Ilf is necessary 
to subdivide the first two divisions, and to divide the first one 
of these subdivisions again. After this has been done the first 
operation is to mark, wherever it is necessary, in the middle of 
each division, the points between which to measure. These are 
seen in the figure, and each may be considered as marking the 
position of the horizontal line, which, if drawn between the 
nearest perpendiculars, would include the same area that is in 
eluded hy the line of the diagram. 
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The measuremeDt of the first four-tenths of this diagram is 
as follows : — 



DiTtotOOB. 




•25 
•25 




43-5 
30-5 


•5 .. 
•6 .. 




74-0^2 = 37- 
.. .. 24-6 


1^ 




.. .. 61-5 -r 2 = 30-75 


•5 .. 
•5 .. 


.. .. 13- 
.. .. 9-5 


2- 
3- 




.. .. 22-5 -t- 2 = 11-25 
4-75 


4- 




1*75 








Forward pressure, 


aver 


aged for the stroke .. 4- 850 lbs. 



This is all the forward pressure that we have got ; as, just at 
the end of the fourth division, the expansion curve crosses the 
line of counter-pressure. If we were to divide the sum of the 
pressures by four, the number of equal divisions through which 
the forward pressure continues, we would have a mean pressure 
of 12 * 125 lbs. during that portion of the stroke. This, however, 
would be of no use to us : we want to know what this pressure 
would average, supposing it to be extended over the entire 
stroke. We get this by dividing the sum of the mean pressures 
by 10, the whole number of equal divisions, and the result is 
4*85 lbs. The correctness of this method will be apparent if 
we take the mean pressures for each division, and find what 
would be the equivalent pressure continued through the stroke, 
and add these together. 

These would be as follows : — 1 • 0875 

•7625 
1-226 

•650 

-475 

-476 

-176 



4 • 850 lbs. as before. 
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*^ Tfie mean prossnre to be deducted fi^m tliis is ascertained In 
a similar manner, and is as follows : — 

5th division .. •• .. ..1*5 

6th „ .. .. .. .. 8- 

7th „ 4-25 

8th „ 5- 

9th „ 5- 

lOth „ 4-25 



2-800 lbs. 

leaving the apparent mean pressure 2*55 lbs, on the square inch. 
We say the apparent mean pressure, because this diagram did 
not tell the truth, and one reason for introducing it here has 
been to illustrate an error, and show the extreme care that must 
be taken if we wish to learn the truth, and not to be misled by 
the diagram. 

How few, after all, are the cases in which all the care is 
taken that ought to be to ensure accuracy I Engineers of ex- 
perience know better than to conclude anything with certainty 
about an engine from diagrams that have not been taken by 
themselres. 

In this case the pencil first touched the paper at A, but was 
held so bard against it that on the next stroke it did not come 
down to the same point, and so the diagram was good for 
nothing, and by the merest accident showed its own worthless- 
ness. This is a common source of error. The motion may be 
entirely frictionless, and no lost motion may be possible, and 
all adjustments may be correct ; and yet a careless operator may 
manage in this way to get a false diagi am. There is especial 
need to guard against the friction of the pencil when indicating 
on a large scale. It is an excellent practice, after having taken 
a diagram, to withdraw the pencil a little from the paper, and 
observe its movements: it will at once be seen whether it 
retraces the same line or not : nearly right is wrong. 

The method above described is the only correct way of 
measuring the mean pressure. Whatever the form of diagram 
and it is very curious sometimes, this method will give the 
mean pressure precisely. 

A method sometimes employed is ^own on these diagrams 
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No. 9 and No. 9 e^ from the oompound cylinder engines of the 
steamship Eg^t They are shown as they came to the writer. 
Having been divided into ten equal parts, perpendiculars were 
drawn through the middle of each division, and the pressure 
was measured on each of these lines. This method gives only 




an approximation to the truth, more or less close, slb the diagram 
is more or less regular, in its form. Any method whate^^r 
wdlild give a correct result if the diagram were"a parallelogram. 
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The test of the excellence of a method is found in the degree 
of its adaptation to difficult and complicated cases. 

In measuring diagrams from condensing engines, it is nsnal 
to measure the portion above and that below the atmospheric 
line separately. This is condncive to accuracy, as generally 




there will remain but one side of the area being measured that 
is irregular in outline. Sometimes this method also will give 
tihe average vapuum realised, and so tell us in what degree the 
resistance of the atmosphere is removed from the non-acting 
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side of the piston by those parts of the engine whose fiinotibn 
this is ; but often it will be the case, as in diagram No. 12; 
p. 85, that the expansion curve crosses the atmospheric line, and 
perhaps, as there shown, at an early point of the stroke. Theii 
it is evident that the mean pressure represented by the included 
area below the atmospheric line is less than the vacuum attained 
in the cylinder. 

Calculation of the power. — For this purpose we are now done 
with the diagram. It has shown us the pressure on each one 
square inch of the pihton, at each point in its stroke, and we 
have found the method of determining what this pressure, how- 
ever unequal it is at different points, would be if it were 
averaged and made uniform during the stroke. We now pro- 
ceed to use this quantity, called the mean pressure^ in calculating 
the power of the engine. We assume it to be correct ; whether 
or not it is so, depends upon the care with which the diagram 
has been taken and the reduction been made. The latter is 
open to revision, but not so the former. Sometimes, though 
rarely, the diagram may give to the practised eye an indication 
of its own inaccuracy, but even then affords 'no guide to the 
correction of it. 

We have now to £nd the area of the piston in square inches. 
Knowing its diameter exactly, we take the area from the Table, 
page 80 ; from this is to be deducted one half the area of the 
rod, the remainder is the average area of the two faces. We 
multiply this by the mean pressure on the square inch, and the 
product is the total constant force under which the piston is 
moving, or which is acting through the distance travelled by 
the piston. This being multiplied into the distance, in feet, 
through which the piston travels, or through which the force 
acts, in one minute, gives the foot-pounds of power developed, 
or of work done, in that time, and this sum, divided by 83,000, 
gives the number of horse-powers exerted. 

It is interesting to consider the variety of the conditions out 
of which this result is derived. We have, first, every variation 
of pressure, from the highest to the lowest; and second, in 
combination with this, every different speed of piston, from in- 
finitely slow up to the velocity of the crank. The latter varia- 
tion is not regarded. Forces different in amount are separated 
forces. The diagram tells us what each separated force was, 
and through what distance it acted, and this is all we require 
for the computation of power. Each force being multiplied 
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into the distance through which it acted, and the product 
divided by the length of the cylinder in units of such distance, 
the sum of all is the pounds of force acting through the length 
of the stroke. That some forces were exerted for a longer time 
than others in acting through an equal distance is nothing. 
Static forces, though exerted for ever, have no dynamical value. 
Force acquires this value only as it acts through distance. 

The better mode of computing power is, first, to obtain for 
any engine a constant, which, being multiplied into the mean 
pressure, will give the number of horse-powers. This constant 
is the number of horse-powers which would be exerted by 1 lb. 
of mean pressure. It is found by multiplying together the area 
of the piston in square inches and the feet travelled by it per 
minute, and dividing the product by 33,000. 

In illustration of the above rules we will compute the horse- 
powers exerted in the following cases : — 

Example 1. — What was the indicated power exerted by the 
pair of engines, from one of which diagram No. 1, page 12, was 
taken, it being assumed that the other three diagrams from the 
two cylinders would have be^n similar to this one ? 

The diameter of each piston was 95 inches, the stroke 10 feet, 
and the revolutions 15 per minute, and the diameter of the rod 
8 inches. The area of the piston, less one-half that of the rod, 
was 7063 * 07 square inches, and the distance travelled by it in 
feet per minute was 300. The constant fur these two cylinders 
was, therefore, 7063-07 x 800 x 2 -i- 83,000 = 128-42 horse- 
powers exerted by each 1 lb. of mean pressure. 

The mean pressure is figured on the diagram, and the power 
exerted was as follows : — 

Above the atmospheric line, 9*82 lbs. x 128-42 = 1261-0844 
Below the atmospheric line, 11 -46 lbs. x 128-42 » 1471-6932 

Total indicated horse-powers 2,732-7776 

of which it will be observed that the vacuum furni»hed con- 
siderably the larger portion. 

Example 2. — What was the indicated power exerted by the 
Engine from which diagram No. 10 was taken, assuming the 
opposite diagram to have been the same? 

The piston is 12 inches in diameter, stroke 20 inches, revolu- 
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tionB 160 per minute, and diameter of the rod 2 inches. The 
area of the piston, less one-half that of the rod, is 111 * 53 inches, 
and the distance travelled by it in feet per minute is 533*33- 
feet The constant for this engine is, therefore, 

111-53 X 533-33-^33,000 := 1-8025. 




The mean pressure is figured on the diagram, 32*125 lbs., and 

the power exerted was, 

32-125 X 1-8025 = 57-9 H.P 
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In this simple manner the power exerted by an engine may 
be ascertained under every variety of cirenmstanoes, and also 
that required by every kind of machinery. Measuring the 
power required by a single machine among many running in a 
manufactory requires great care, but can be done with certainty, 
even to a small fraction of a horse-power. It is necessary that 
everything else should be known to be in the same condition 
during the whole experiment. The proper time is after running 
for several hours, and directly after stopping, when everything 
is in the best running condition : at noon-time, perhaps. Then, 
first indicate for the shafting alone, afterwards add the machine, 
the requirement of which is to be measured, and. indicate the 
engine after this has been running for a few minutes, and, 
finally, after that has been stopped, indicate for the shafting 
again. In each case the pencil should run over the figure 
several times, and afterwards be observed if it follows it exactly 
when removed a little from the paper. The first and thiid 
diagrams should be identical, and the excess of the second one 
is the power required by the machinery tested. It is wonderful 
how much guess-work there is, for which exact knowledge might 
thus easily be substituted. Care should be observed that all 
the diagrams are taken at the same speed of the engine. 

In the case of any engine, condensing or non-condensing, the 
power required to overcome the counter-pressure is found by 
multiplying such counter-pressure in pounds on the square indi 
measured from the line of perfect vacuum, by the constant fur 
that engine. 

Always, after a diagram has been taken, the careful observer 
will take pains to determine if it is the true representation of 
the power being exerted, by trying if the pencil will repeat it, 
both when in contact and when not in contact with the paper. 
Often the diagram will not be repeated exactly. Whenever this 
is the case, the pencil must be allowed to run over the paper a 
sufficient number of times, and the average of all the figures 
must be taken as the true one.. 
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SECTION II. 

TO MEASURE PROM THE DIAGRAM THE QUANTITY 
OF STEAM CONSUMED. 

As the mean pressure daring the stroke measures the work 
done, so the pressure at the end of the stroke measures the 
steam consumed in doing it. By means of the Indicator we 
are able to ascertain the weight of the water existing in the 
form of steam in the cylinder at every point in the stroke, not 
absolutely — since we do not know absolutely the weight of steam 
at different temperatures — but, without doubt, very nearly. 
This, when measured just before the opening of the exhaust, is 
the weight of water accounted for by the Indicator. From a 
variety of causes, the weight so accounted for can never be the 
full weight required to supply the boiler. These causes .will 
be briefly considered at the end of this section. At present we 
will confine our attention to the method of ascertaining the 
weight of the steam, of which the Indicator shows the pressure. 

For this purpose we have first to determine the volume of the 
steam, or the capacity of the chamber which it fills. This is 
the product of the crossHsection area of the cylinder into the 
length of the stroke, measured up to the point at which the 
pressure of the steam is taken ; to which is added the waste 
room in the clearance and passages at one end of the cylinder. 
This capacity, generally obtained in cubic inches, is to be 
reduced to cubic feet. The pressure of th^ hteam, reckoned 
from the line of perfect vacuum, which is always to be drawn or 
imagined as already directed, is then to be taken at that point 
of the stroke to which the volume has been measured, and which 
should be the latest point at which it is certain that the exhaust 
has not commenced. The reason for taking this point will 
appear by-and-by. 

The weight of one cubic foot of steam at this pressure will be 
found in the Table. This being multiplied by the volume, the 
product is the weight of the steam contained in the cylinder. 

From this there is to be deducted the weight of the steam 
saved, by being confined in the cylinder by the closing of the 
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exhaust. THis is ascertained in the same manner, the pressure 
being taken at a point after it is certain that the exhaust is 
oloeed, and the weight of one cubic foot at the pressure existing 




at that point being multiplied into the volume, in cubic feet, of 
the remainder of the return stroke, as measured on the diagram 
and the waste room. This having been deducted, the remainder 
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ia th^ weight of steam oonsnmed per stroke, as aoconiited for by 
the Indicator; from which may be learned the quantity so 
aooonnted for per minute, or hour, per horse-power exerted, and 
pounds of coal burned, and the proportion which it forms of the 
water supplied to the boiler. 

JBmimpb. — What was the weight of steam consumed in the 
cylinder from which diagram No. 21, page 108, was taken { the 
cros8*Beotion area being, as the mean of both ends, 198 - 6 square 
indies, the stroke 80 inches, and the waste room 248 cubic 
indies, and the engine making 125 revolutions per minute? 

Let the pressure be measured at *9, or 27 inches of the stroke. 
This point is marked A on the diagram. The volume of stoam 
at this point is, 

(l?«:«^g>±2!8. 8-2466 cubic feet. 

The pressure is 18*5 lbs. The weight of 1 cubic foot of steam 
at this pressure is -035 of a pound, and 3*2466 x *035 = *11363 
of a pound. From this* there is is to be deducted the steam 
saved, as follows : — 

We take, on the diagram, a point say at -^^ from the end of 
the return stroke, and through it draw the horizontal line B. This 
distance represents 1 * 28'' on the return stroke, it bearing the 
san^e proportion to 4*4'', the total length of the diagram, that 
1*28 bears to 30. 

(198.6X^1^28) + 248 ^ .^^ ,f , ^ubic foot. 

The pressure at this point is just 20 lbs. The weight of a cubie 
foot of steam at this pressure is *0511 of a pound. This 
multiplied by -29 =^- -01482. The weight of steam accounted 
for by the Indicator per stroke was, therefore, 

•11363 - -01482 = -09881 of a pound, 

and- the quantity per hour was -09881 x 250 x;60 = 1482-15 
lbs. How much was this per indicated horse-power? The 
constant for that engine was 198-6 x 625 -f- 33,000 = 3-76. 
The mean pressure is figured on the diagram. 

13-65 X 3*76 = 51*32 indicated horse-powers. 

And the water consumed per horse-power per hour, so far as it 
was shown by the indicator, was, 

1482 '15 -7- 61-32 = 28*8 lbs. 
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In contrast with this we will compute, in the same manner, 
the weight of steam consumed in the same engine when diagram 




No. 29 was taken. The comparison of these diagrams will 
afford a good practical lesson in expansion. 
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, We employ the constants for volume already obtained. The 
pressure at '9 of the stroke was 26*7 lbs. The weight of one 
cubic foot of steam at this pressure is * 067 of a pound. 

3 '2466 X -067 = '2176 of a pound. 

The steam saved is as follows : — 

Pressure at 28*72 inches of the return stroke 20*2 lbs. The 
weight of 1 cubic foot of steam at this pressure is *0513 lbs. 
•29 X *0513 = -0149 ; and -2175 - -0149 = -2026 of a pound. 
•2026 X 260 X 60 = 3040*2 lbs. of water consumed per hour. 

How much was this per indicated horse-power? The mean 
pressure is figured on the diagram, 38 * 07 x 3 • 76 = 143 • 143 H.P. 
3040*2-7-143*143 = 21*24 lbs. of water per horse-power per 
hour. 

In the former case the steam was expanded 7 times, and in 
this one only about 3]^ times; and yet in the former 28-8 lbs. 
of water were consumed per hour to supply one indicated 
horse-power, against only 21*24 lbs. in the latter, or about 
4 to 3. 

There were two principal causes operating to turn the gain 
which ought to be derived from the gteater expansion into thi^ 
great loss. The consideration of one of these causes, namely, the 
greater proportionate loss of heat suffered by the smaller body 
of steam in restoring the heat of the cylinder, belongs to a 
future chapter ; but the principal cause was the following : — 
The water consumed is divided among the indicated horse-powers. 
Now the power required to overcome the back pressure, power 
thrown away, was the same in each of these oases, namely, 
15*6 X 3*76 = 58*28 horse-powers. This, in the first case, was 
nearly 7 horse-powers more than the indicated power, being 
53* 18 per cent, of the whole power exerted ; while in the latter 
it :was only 29 per cent, of the whole. 

iWe can ascertain, also, how much loss has resulted from the 
greater proportionate condensation of the entering steam in the 
former of these cases. If we divide, in each case, the steam 
consumed by the gross power exerted, the results will be as 
foljows :— 

1482^16 -f. 109-6 =13*5 lbs. per horse-power per hour. 

j 3040*2 -1- 201*4?= 15*0 lbs. „ „ 

Now the ratio of gain from a 3* 6-fold expansion is 2 '253, and 
that from a 7-fbld expansion is 2 • 946. So if the advantage from 
expansion had been realised, as well in the case of the earlier •, 
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cnt-off as it was in that of the later one, the oonsnmptioil would 
have been in that case only 11*47 lbs. instead of 13-5 lbs. per 
horse-power per honr (2 • 263 X 15 • ) -i-2 • 946 = 1 1 • 47. 
The above comparisons illustrate two of the principal oauses 




which operate to limit the gain to be derived from expansion. 
The first of these is in a great degree removed by condensing, 
which indeed has thts for its sole object. The apparent gain 
effected in this way is not all real, however, since condensing 
increases the loss arising from the cooling of the cylinder. 

H 2 
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Wb^i the water aocounted for by tbe Indicator, aisoertained 
in tbe tnanner above expbiined, in compared witb that required 
to supply tbe boiler, aid^fidency will always be found, and 
sometiines a great one* The prindipal causes of this are the 
following : — 

' First, — A certain amount of water always disappears from a 
boiler in ways which cannot be accounted fon If a boiler is 
shut perfectly tight, without visible outlet for any steam 
whatever, and a steam pressure is maintained in it, the water 
will gradually subside. When experiments are to be conducted, 
the rate of this disappearance from the boilers, under the 
pressure to be employed, ought to be ascertained. 

Second. — Unless the steam is superheated, more or less water 
is carried over to the engine mechanically. This is especially 
the case with boilers which show a great evaporative duty. 

Third, — As soon as the steam leaves the boiler it begins to 
be oondeosed. It can receive no more heat from any source, but 
it must impart heat to everything, and supply idl loss from 
radiation. 

Fourth, — A certain amount of condensation is produced by the 
conversion, during the expansion, of heat into mechanical work, 
of which we shall speak by-and-by. 

Fifth, — A portion of the steam is always condensed as it 
enters the cylinder from coming in contact with the surfaces 
which have just been cooled by being exposed to the colder 
vapour of the exhaust, and especially by the evaporation at the 
same time of moisture from them, abstracting the heat 
necessary to supply to such moisture the heat of vaporisation. 
This also will be more fully considered in its appropriate 
place. 
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SECTION IIL 

TO MEASURE PROM THE DIAGRAM THE QUANTITY 
OP HEAT EXPENDED. 

The Indibator enables us also to ascertain the quantity of heat, 
measured in thermal units, contained in the steam ; from which 
the quantity converted into mechanical work being deducted, 
the rest is thrown away. For this purpose we have to obtain 
the volume and pressure of the steam at a point as soon as 
possible after we know that the admission port has been closed. 
The heat contained in the steam at this point is not all that has 
entered the cylinder — an unknown quantity has g<me to restore 
the temperature which the surfaces have just lost— but it is all 
about which we will now concern ourselves. 

If the material of which the cylinder is constructed were 
a perfect non-conductor, then we might expect that, the heat 
converted into mechanical work during the expansion being 
deducted from the quantity contained in the steam at the point 
of cut-off, the balance should be the quantity contained in the 
steam at the point of release. Iron being, however, a pretty good 
conductor, it might be concluded that it would carry off some 
of this heat, so that at the end of the expansion there would not 
be so much in the steam« But the fact is that there is always 
more, andoften a good deal more, than the above'calculation would 
call for ; that the more heat there is by any means imparted to the 
steam, the less it contains at the point of release ; that the more 
it loses during the expansion, the more economically the engine 
works ; and that no means have been found to bring the quantity 
down to that which the above computation requires, and it is 
demonstrable, aisi we shall see pretty soon, that none ever will be. 

Let us refer again to diagram No. 21, p%ge 103. The line G 
crosses the largest expansion line at 3*4'' of the stroke. At this 
point the volume of the steam is * 5354 of a cubic foot, its 
pressure is 69 lbs., having fallen 4 lbs. during the closing of the 
port, and its weight is -16598 X -5354 = -088866 of 1 lb. The 
Dumber of thermal units that it contains is 1205 - 9744 x ' 088866 
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s 107*17, which are equal to 82,735 foot-ponnds of mechanical 
work. 
The total work — for we must include the work done in over- 




coming the back pressure — performed.during the expansion^ f i cm 
this point to • 9 of the stroke, was equal to a mean pressure of 
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20*7 lbs. on the square inch through the stroke, or to 10,277*5 
foot-pounds. There, had already been exerted a force equal to 
8*1 lbs. on the square inch through the stroke, or to 4,021*65 
foot-pounds of power, before the piston had arrived at the point C. 
This was work done on the change of state from water to steam 
in the boiler, as will be explained presently, and it does not 
come into this calculation. 

If, therefore, no heat were added to the above quantity during 
the expansion, then the quantity that we ought to find present 
at the point A would be 82,735 - 10,'277*58-f- 772 = 93*85 
thermal units. How many does it, in fact, contain at that 
point? 

In the last section we found the weight of the steam at t^iis 
point to be '11363 of a pound. This weight we now observe to 
ha%'e been increased during the expansion by * 11363 — * 08886 
== -02477, or about 26 per cetit. The pressure we found to be 
13*5 lbs so that tbe heat colitained in the steam is , 

1177*294 X * 11363 = 133*776 thermal units. 

Instead, then, of the quantity of heat contained in the steam 
having diminished during the expansion, when l3*32 thermal 
units were converted into mechanical work, it has increased by 
133*776 - 107*17 = 26*606 thermal units, or very nearly 
25 per cent. ; a loss which, when known, is calculated to set an 
engineer upon inquiry as to what it is caused by, and how it is 
to be firevented.* 

.In thid simple manner this interesting and instructive 
analysis can be applied to any diagram. The inquiry into the 
causes of these apparent anomalies will be made in connection 
with another branch of our subject. 

* It will be seen by-and-by that there is an iuaccuracy here, since at thd 
point C 5*4 thermal units had been lost by the steam, having been converted 
into meclianical work. No error is involved, however, the thermal unit^ na 
found in the Table being given at both ends of the expansiou curve. 
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SECTION IV. 

OF THE EEAL PIAGRAM, ASD HOW TO 
CONSTRUCT IT. 

The included area of the diagram is commonly supposed to 
represent the pressure on the piston at each point of the stroke. 
A moment's reflection will, however, show that it does not. 
TVhat we, for conveDienoe, call the upper and lower lines of the 
diagram, have, in fact, no relation to each other. To get a 
correct idea oi the nature of the diagram, we must diiiabuse our 
minds of the confuse 1 notions which result from this inexact 
use of language. There is in reality no lower line ever drawn 
by the Indicator. . The real lower line of the diagram is always 
the line of perfect vacuum. During a revolution the Indi- 
cator draws from opposite sides of the piston the upper lines of 
four separate diagrams, and the two which appear together as 
parts of the same outline are the ones which do not belong 
together, having no relation to each other whatever; 

For example, on the forward stroke a line is drawn by the 
Indicator, showing at every point the height at which the 
pencil is raised l>y the pressure on that side of the piston upon 
which the steam is admitted. Beneath this line, at the proper 
distance, let the line of perfect vacuum be drawn, and the 
extremitii s of the two connected by lines perpendicular to the 
latter. We have now a correct and complete diagram of the 
pressure on that side of the piston during that stroke. 

To il]u^trate this, we will take the diagram drawn with the 
heavy line in fig. 19, in the Appendix. Thd following figure. 
No. 30, represents the pressui'e on the acting side of the piston 
during the stroke when the upper line of that diagram was 
drawn. 

The lower line of that diagram was commenced after the 
upper one was finished, and is, in truth, the upper line of 
another diagram of which also the line of perfect vacuum is 
the lower line, and which represents the pressure on the 
same side of the piston during the next (Stroke. The figure, 
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Na 31, page 114, drawn in the manner above directed, 
represents this second diagram. 

We say that this last diagram represents the pressure exerted 
by the steam to oppose the return of the piston ; in fact, the 
piston is always between opposing forces. It moves in obedi 




enoe to the stronger one. The weaker we distinguish as the 
opposing force, because it resists the motion which nevertheless 
takes place. At every point in the motion of the piston tbo 
eflfective force exerted is the difference between the two counter- 
acting forces. To ascertain this, we should in this case have 
the diagram representing the opposing force, which was exerted 
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simultaneoiisly with the force represented by diagram No. 30. 
That would be the diagram, the upper line of which was taken 
during the same stroke from the opposite end of the cylinder. 
We have do such diagram, but may assume it to be similar to; 




diagram No. 31. Then the figure, No. 32, will represent the 
force which was exerted in opposition to that shown in fig. 30« 
Let us now place one of these over the other, their bases and 
extremities coinciding, and we obtain the figure No. 33, page 116. 
So far as one covers the other, the two forces neutralised each 
other, and may be disregarded. The projecting portion, A B C D, 
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of the first figure shows the force applied to the f dston at each 
point in its stroke, up to the point 0, to produce its motion, 
and that, G E F, of the second one, shows the force applied to it 
at each point beyond C to resist its motion. The two forces, 
O D, G F H, lioutralised each other 




This is the real diagram of pressure on the piston. Now it is 
true that, for computing the power exerted by the engine, it 
makes no difiference from which end of the diagram the compres* 
sion is deducted ; and so, when one does not care to know the 
effective pressure on the piston to produce or to resist its motion 
at each point of its stroke, or the distribution of force through 
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the stroke, the diagram as described Lj the Indicator is suffi- 1 
cient. But in the real diagram we see in every case, i^so, at a 
glanoe, the total opposing forces, to what extent they neutralise : 
eaoh other, at what point of the stroke they are in equilibrium, 
and at dvery other point just in what degree one. or the other i 




preponderates. This diagram ought in fact to be always drawn, 
for that described by the Indicator is liable to convey an erro- 
neous impression respecting the distribution of force through 
the stroke, and by this means only the truth in thia respect can 
be clearly apprehended. 
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A ready method of doing this is the following. Lay the 
diagrams from opposite ends of the cylinder one over the other, 
with the atmospheric lines and the extremities of the diagrams 
coinciding, against a window-pane. The metallic paper, to be 
sure, is not especially translucent, but with a bright light the 
under diagram can be seen, and the required line traced on the 
upper one with a pencil or a brass point. Every diagram 
should be carried down to the line of perfect vacuum ; when 
one bees represented the real quantity of steam consumed, the 
quantity of heat thrown away, by being converted into forces 
that only counteract and nieutralise ea(|h other, and the porpor- 
tion which the heat so wasted bears to that which is converted 
into effective work. 

In the discussions in Part V., whenever the diagram of 
pressure in the cylinder is referred to, it is the real diagram 
obtained in the tnanner above described that is always intended 
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SECTION I. 

OF THE CONVERSION OF HEAT INTO WORK IN THE 
STEAM-ENGINE. 

Before entering upon a critical examination of the several 
lines of the diagram for the purpose of getting a better under- 
standing of the operations which are indicated bj them, it 
seems important that we should acquaint ourselves as inti- 
mately as possible with the action which is made the subject of 
this section, and a general knowledge of which has indeed been 
already assumed. 

The steam-engine is an instrument by means of which beat 
is converted into mechanical work. This is the operation 
which is ceaselessly going on, and it is the only useful action 
that does take place, in the cylinder of ^ steam-engine ; while 
water, in its state of steam, is the medium through which this 
conversion is effected. The Indicator assists us in under- 
standing this transformation, so far as we are able to understand 
it ; and, on the other hand, without a knowledge of this action 
the Indicator diagram itself cannot be rightly read. To what 
extent this is the case, and how closely the figure described by 
the Indicator is connected with the action that it represents, 
will appear as we proceed. 

At the meeting of the British Association, held at Cambridge 
in 1845, Mr. J. P. Joule (so reads the record — now Dr. Joule) 
of Manchester firot exhibited the apparatus, which in its 
subsequently matured form has become so well known, in 
which he showed the temperature of water raised by the 
friction of a paddle-wheel, and stated the conclusion to which 
his experiments with it had led him : that when the tempera- 
ture of 1 lb. of water is raised 1° Fahrenheit, an amount of vii 
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viva IS commnnicated to it equal to that acquired by a weight 
of 890 lbs. after falling from an altitude of one foot. 

At the Oxford meeting of the Association in 1847, Dr. Joule 
exhibited and described an apparatus, consisting of a brass 
paddle-wheel working in a vessel filled with liquid, with which 
he had repeated the experiments brought before the Association 
at the Cambridge meeting. Bj these experiments he had dis- 
covered that heat is invariably produced by the friction of 
' fluids, in exact proportion to the force expended. Two series 
of experiments had been made by him, one on the friction of 
water, the other on the friction of sperm oil. In the former 
of these series the heat capable of raising the temperature of 
1 lb. of water 1^ Fahr. was found to be equal to the mechanical 
. force capable of raising a weight of 781*5 lbs. to the height of 
one foot; whilst in the series of experiments on the fiiction of 
sperm oil the same quantity of heat was found to be equal to a 
mechanical force represented by 782 * 1 lbs. through one foot. 

At the next annual meeting of the Association another paper 
was presented by Dr. Joule, in which he stated that since the 
preceding meeting a slight alteration in the form of the appa- 
ratus, calculated to give greater exactness to the results, had 
occurred to him, and he had commenced a new and extensive 
series of experiments, in order to determine the equivalent of 
heat with all the accuracy that its importance demands. The 
result arrived at, after a series of forty experiments, was an 
alteration of the equivalent before stated to 771, which was 
believed to be within ^J^yth of the truth. Subsequent investi- 
gations have fixed the precise equivalent of the unit of heat 
at 772 lbs. raised one foot. The general progress of scientific 
rt-search has produced confirmation of this result, and it is now 
universally accepted as true, and is commonly known as Joule's 
equivalent. The unit of work is the work done in raising one 
pound through one foot, called the foot-pound, and a unit of 
heat, or the heat required to raise the temperature of 1 lb. of 
water at or near to its freezing point, 1° Fahr.^ h equivalent to 
772 units of work. 

The mechanical theory of heat is, that heat is motion, that 
the atoms of which all bodies consist are in continual motion, 
and that their absolute rest would be the absolute cold, which 
is considered as proven to be 461 •2° below the zero of Fahren- 
heit, or —274 centigrade; a conclusion which was first an- 
nounced by Dr. Joule, in the paper last referred to. Accord- 
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ing to this theory of heat, the extent and force of the moyement 
of their atoms determines what we call the temperature of 
bodies. About the nature of these movements we can form only 
conjectures, for, like all the operations of nature, they are per- 
formed in recesses, into which we cannot hope that, while in 
the body, our vision shall ever penetrate. Atoms are capable of 
communicatinflc their motion to adjoining atoms, of the 8%me or 
of other bodies, themselves losing the amount of motion that they 
impart, and when increased motion is thus imparted to the 
atoms composing the bodies of sentient beings, the sensation is 
produced which we call heat, but which is in fact only an 
increase in the extent of the atomic motion. The enlargement 
of the bulk or volume of a body, which takes place when its 
temperature is raised, affords at once an evidence and a jneasure 
of the increase in the extent of the atomic motion. 

The Chneration of Steamy under eofutant preuure and under 
constant volume. 

The specific heat of air under constant pressure, when it is 
permitted to expand freely, was determined by Regnault to be 
•2377. To double the volume of 1 cubic foot of air, therefore, 
9 * 41 units of heat need to be imparted to it. 

•0807265 X -2377 X 490-4 = 9-41. 

The specific heat of air under constant volume, when expan- 
sion is prevented from taking place, was ascertained by a very 
remote and refined investigation to be * 1678. Thid was only 
regarded, however, as a close approximation to the truth. 

Then, to raise the temperature of air in the same degree as 
above, when prevented from expanding, there would need to be 
imparted to it only 6 • 643 units of heat. 

•0807265 X -1678 X 490-4 = 6-643. 
The difference is 9-410 - 6-643 = 2-767 units of heat. 

When, subsequently, the mechanical theory of heat came to 
be established, it was obhcrved, that when 1 cubic foot of air ex- 
panded to 2 cubic feet, 2116 foot-pounds of work were done in 
raising the weight of the atmosphere, so as to permit the expan- 
sion to take place. 

14-696 X 144 =» 2116. 
But this required the conversion of 2-741 units of heat into 
mechanical work. 

2116^772=2-741, 
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The co-efiScient of the specific heat of air under constant 
volume had been ascertained so nearly, that it needed only to 
be increased by '0005, or to -leSS. The mystery was solved. 
The simple reason of the difference in the specific heat of a gas 
under constant pressure and under constant volume is, that in 
the former case external work is done, and in the latter it is 
not. 

The generation of steam presents a case in many respects 
widely different from that presented by the heating of air, 
though it is governed by the general law above explained. We 
will consider it very briefiy under each of these two conditions. 

It must be borne in mind that, with one seeming exception, 
motion is- never lost, but only changes freely back and forth 
between atomic and dynamic modes, and must always be 
accounted for, in one or the other of these manifestations. This 
is known as the conservation of force or energy. If motion of 
a mass ceases, the equivalent quantity of heat must appear, and 
vice versd. 

The seeming exception is when a weight is lifted against the 
attraction of the earth. In this case the lifting force is in the 
nature of a constantly accelerating force ; the same heat is con- 
verted into work that would be in imparting to the mass, if 
moving without resistance, the velocity that it will acquire in 
falling through the distance it has been lifted. The body pos- 
sesses also the same mechanical energy that it would possess if 
BO moving, and will exert it in falling to its original position. 
It is observed, also, that it is not warmed when its upward 
motion is arrested, and that in falling it does not lose heat as it 
acquires velocity, but that when its falling motion is arrested 
without being imparted to another body, heat is produced. The 
action is precisely what it would be if the heat that was converted 
into the work of lifting the body were instead converted directly 
into the motion it acquires in falling. This energy, suspended 
under the action of gravity, is called potential energy ; a defi- 
nition which means that we know nothing about it. We pass 
now to the application of the above laws to the generation of 
steam. 

1. When steam is generated under constant pressure, the 
temperature of the steam already formed is not raised, nor its 
volume enlarged, nor its condition changed in any respect. 



122 THE BIOHABDS STEAM-ENGINE INDIOATOB. 

Successive portions of water pass into the state of steam, and 
equal quantities of steam before generated pass away. A 
poi-tion of the heat imparted is, at the instant of the change of 
state, converted into the external work of overcoming the pres- 
sure, so that the enlargement of volume can take place. In the 
case of a steam-engine, the motion thus begun against the 
resistance goes on until it is imparted to the v^istance. No 
change takes place here. The motion of t^e steam under 
the pressure is the same thing precisely ejf the motion, at the 
same velocity, of a mass whose weight uT equal to the pressure. 
It is important that this should be deafly apprehended. Motion 
under a pressure is motion against the pressure. This is 
obvious, because, in order that the motion sball take place, the 
resistance must yield at some^ point, when we have pressure in 
motion, which is identical wfth weight or mass in motion. The 
motion imparted to the {Piston is communicated through the 
train of movements, and wherever these terminate, as well as 
all along the way, it appears as heat, in the increased tempera- 
ture of all bodies that resist the motion. 

When the stioam, without having communicated motion, 
either atomic or dynamic, to any other body, passes directly 
into a condenser, the motion is arrested there, and is imparted 
as beat to the water or air. In this manner Regnault ascer- 
tained the heat contained in steam, permitting it to flow into a 
condenser, and there impart its heat to water. Of course he 
obtained by this method the whole of the heat, both that which, 
at the generation of the steam, had been converted into internal 
work, and that which had, at the same time, been converted 
into dynamic energy, or motion against resistance, and so 
continued up to the instant of condensation. 

He maintained at all times an equilibrium of pressure 
between the boiler and the condenser, by pumping air into, or 
exhausting it from, a receiver connected with the latter ; thus 
forming an artificial atmosphere, in which the action went on 
precisely as when under the atmospheric pressure. This, how- 
ever, could have no influence on the result. So long as a given 
pressure is maintained in the boiler, the steam is formed and 
passes out under this pressure, and then wherever this motion 
ceases, and under whatever conditions, the equivalent heat 
must appear. 

The heat converted into dynainic energy is never, strictly 
speaking, contain^ed in the steam, though inseparable from its 
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existence when formed under constant pressure. The Tables 
give, of coarse, the total quantity of heat converted, at the 
generation of the steam, into both internal and external work. 

2. When steam is generated under constant volume in a 
closed vessel, the same motion begins, at the instant of the 
change of state, as when it is permitted to pass away freely 
under constant pressure. It is formed under pressure, precisely 
^s if that pressure were constant. The difference is, that the 
motion is arrested within the boiler, and is imparted, as heat* 
to the steam and water contained there — precisely as, for 
example, it would be imparted to the water lubricating a 
friction-brake. While the generation of steam in a closed 
boiler continues the beat is increased, not only by that imparted 
from the furnace directly, but also by that abandoned by the 
steam continually as its motion is arrested. 

The quantity of heat required by steam when formed under 
constant volume is, then, less than when formed under constant 
pressure, by the quantity equivalent to the external work done 
in the latter case on change of volume, precisely as in the case 
of a permanent gas. 

Dynamical energy is exerted by steam, or motion is imparted 
by it to matter, when the changes of state take place from 
water to steam, and again from steam back to water. 8team 
exerts no force, except as the accompaniment of one or the other 
of these changes of state. The first change involves an enlarge- 
ment of volume, and the overcoming of whatever resistances 
may oppose such enlargement ; the second change involves a 
loss of atomic motion, which motion the steam can lose only by 
imparting it to other bodies ; and it may then appear first in 
the form of increased atonuc motion, or heat, of bodies in 
contact, and then in the motion of their mass through space. 
This action we will now endeavour to make clear. 

When 1 lb. of water at the temperature of 212°, and con* 
taining 212 * 9 thermal units, passes, under the pressure of the at- 
mosphere, into the state of steam of the same temperature, 965 * 7 
units of heat disappear. These are equivalent to 745,520 units 
of work ; and they are, in fact, wholly converted into internal 
and external work. The latter is the work done in overcoming 
the resistance which the atmosphere opposes to the expansion 
of the water into steam, and the amount of it we are able to fix 
exactly. 

I 2 
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The atmosphere exerts a pressure of 2116*22 lbs. on a squnre 
foot. One pound of water, when oonverted into steam under 
this pressure, expands to oconpy a space of 26 * 336 cubic feet. 
The space at first occupied by the water was *016 of a cubic 
foot, 60 that the space from which the atmosphere is expelled is 
26*32 cubic feet. To do this the steam must perform 2116*22 
X 26*32 = 65,700 foot-pounds of work. This is equivalent t<> 
72*15 units of heat, which being deducted from the 965*7 units 
which have disappeared, leaves the great amount of 893*55 
units, which have been converted into the increased internal 
work, amounting to 689,820 foot-pounds, which the atoms of 
the vapour ceaselessly perform, in vibrating or otherwise moving 
through spaces having an amplitude 1644 times greater than 
those through which they were moving when in the state of 
water. 

It is important that the distinction between internal and 
external work should be clearly apprehended. Without expan- 
sion, it is the latter only that can be utilibed, being all the 
dynamical energy that is exerted on the change of state from 
water into bteam. Let us endeavour to follow the process with 
some care, and observe its nature and limitations. For this 
purpose we will suppose a vessel of sufficient height, and having 
a cross area equal to one square foot, in which we place 1 lb. of 
water, and above it a piston, which is conceived to be without 
weight, and to move in the vessel steam-tight without friction. 
We will suppose, also, that the heat applied is received and 
retained by the water and the steam without loss. These are, 
of course, purely theoretical conditions. We shall see after- 
wards how far the results are modified by the conditions which 
are encountered in practice. 

First. — The piston rests upon the water, and upon the piston 
rests the atmosphere, constituting a weight of 2116*22 lbs. 
Let the water have already a temperature of 212^ which under 
this pressure cannot be exceeded. As now additional heat 
is imparted to the water, corresponding portions of the latter 
are successively converted into steam, and the piston is raised. 
When 965 • 7 units of heat have been so imparted, the piston 
stands at an elevation of 26 * 336 feet above the bottom of the 
vessel, and the last drop of water has disappeared, the space 
below the piston being occupied by a perfectly transparent and 
invisible gas. I'he external work done has been moving the 
piston through a distance of 26 * 32 feet against a resistance of 
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2116*22 lbs., amonntiDg to 55,700 foot-pounds of work, repre- 
senting 72*15 units of heat^ or *0747 of the heat imparted. 
This is the fall theoretical effioienoy of saturated steam at the 
atmbspherio pressure, when not worked expansively. When 
the temperature of the water has first to be raised to 212^ from 
some lower point, the efficiency is by so much diminished. 

There is no way except by expansion, of which we will' speak 
presently, in which the above proportion of the heat theoretically 
utilised can be increased. To make this clear : 

Second. — ^Let our piston be loaded with a weight, including 
the atmosphere, of 90 lbs. on the square inch, or 12,960 lbs. on 
the pquare foot, and let the water have a temperature of 
320 '039°, which is its boiling-point under this pressure. We 
will now impart to it 888 * 34 additional units of heat. While 
these are being received the piston is rising and the volume of 
water is diminishing. When all have been imparted the water 
will have disappeared, the piston will stand at an elevation of 
4*73 feet above the bottom of the vet^sel, and the space under it 
will, as before, be occupied by invisible vapour; which has, 
however, a volume only 294*7 as great as the water from which 
it has been evaporated. The external work done has been 
12,960 X 4-73 = 61,300 foot-pounds, or 5600 foot-pounds more 
than in the former cise, while the heat imparted has been 
77*36 units less. The proportion of the heat imparted which 
has been utilised is * 089,' and this is the full theoretical effi- 
ciency of saturated steam at 90 lbs. pressure when not worked 
expansively. A comparison of the two cases is as follows : — 

Units. 

In the first place : — Heat disappeared 965 * 7 

Of which there were converted into external work 72*15 



converted into internal work 893*55 



In the second place : — Heat disappeared 888 * 34 

Of which there were converted into external work 78 • 98 



converted into internal work 809*36 



The apparent gain in the second case is as follows : — 

No. of units of heat required to be imparted is less by 77 • 36 

^ ,, utilised is greater by .. •• 6*83 

Total apparent gain •• •• 84*19 
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Bnt the additional heat reqtured in the second ease to be 
imparted to the water, to raise its temperature to the boiling, 
point, is 323'176 - 212-9 = 110'276 units. There is, therefore, 
in this case a net loss of 110*276 - 84-19 = 26*086 units. 
Practically, however, and without reference to its value for the 
purpose of expansion, there is a great gain in employing steam 
of a high pressure. Small as is the proportion of the heat that 
is theoretically utilised when steam is at the atmospheric 
pressure, even this is entirely unavailable unless the resistance 
of the atmosphere be first removed. Then, to the extent that 
this has been done, other resistances may be substituted for it. 
But pressures above that of the atmosphere are, under all 
circumstances, wholly available for useful work, and the higher 
the pressure the greater the amount of force that can be 
utilised, relatively to that which must be thrown away. 

Even in condensing engines, considering that the water must 
enter the boiler at temperatures not much exceeding 100% that 
three or four pounds of pressure on the square inch must be 
thrown away, and that much heat must be expended in main 
taining the temperature of the cylinder, &c., it is evident from 
the above analysis that, without expansion, not more than five 
per cent, of the heat imparted to the water becomes converted 
into mechanical work. 

Before passing from this branch of our subject, let us refer 
again for a moment to the nature of the action, as above 
illustrated. The work we have been considering is performed 
entirely in the boiler, in the expansion that takes place there on 
the change of state from water to steam, and is thence trans- 
mitted to the piston of the engine. A given density of steam 
being maintained* all evaporation in the boiler, after heat lost 
in any manner has been restored, must be represented by a 
corresponding motion of the piston ; and although the restora- 
tion of lost heat involves condensation of the steam, the motion 
of the piston thus produced does not involve any such conden- 
sation. 

Instead of our piston in the preceding illustration being 
raised, against the resistance of the atmosphere, to a height 
of 26*32 feet, let us suppose it to be fixed at that height, and 
conceive the space below it to be an absolute vacuum. In this 
space the pound of water is evaporated, exactly filling it with 
steam, of the same pressure, or elastic force, with the atmo- 
sphere. Let the piston be now released. It remains motion- 
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less, tbe forces above and beneath it being in equilibrium. 
Everything is in the same condition as before supposed. 

But the piston had been lifted, against the weight of the 
atmosphere, to its present position by other forces before the 
steam was generated. The evaporation has gone on under con- 
stant volume, and the heat required to e£fect it has been less 
than in the first case supposed, by the quantliy then required 
to be converted into this external work. This quantity we 
have seen to be 72*15 units, leaving only 893*55 units neces- 
sary now to be imparted. This, therefore, is all the heat that 
the steam now contains. But it is in the same precise state 
that it was in the former case, filling the same space, under the 
same pressure. 

We conclude, then, that the heat contained in steam that has 
done external work — all the heat which the steam can properly 
be said to contain — is less than the total heat given in Tables 
III., IV., and v., by the quantity which is the equivalent of 
such external work. 

It has been deemed important to present a Table of this heat 
—the heat contained in steam which has not been expanded, and 
that is thrown away except as a portion of it maybe converted 
into work by expansion. 

The heat converted into work on the evaporation, and repre- 
sented in a steam-engine in piston-motion up to the point of cut- 
off, is found by the following formula : — 

Let V =s the relative volume of the steam ; 

I? = its elastic force, in lbs. on the square inch ; and 
T = the thermal units converted into external work in 
the boiler ; 

Then T = -0029881? iy - !)• 

The relative volumes not being known with exactness, it 
would be idle to go in this Table beyond the' second place of 
decimals. 

There is one way only in which the enormous loss of heat 
shown above can be diminished. As water in passing into the 
state of steam affords, by its expansion to the volume it must 
occupy, the power we have been considering, so steam, in 
returning to the state of water, may be made to impart a 
|)ortion of its atomic motion to the piston. If the piston were 
colder than the steam, the latter would condense, not to move 
but to warm the former ; the atomic motion would be lost by 
the steam, only to appear as atomic motion of the metal. This 
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Table VIIL 



Showing the heai converted into external work, on the evaporation 
of 1 lb. of eteaviy under each Jb, ofpretture^ from lib, to 210 Ibt. 
on ihe eqnare inch. 



PresBUTS, 

from 

tbe atfloluto 

▼acirain,tai 

Ita. on the 
•qnare inch. 


Thermal 

Unite oon- 

▼ened into 

external 

woifconthe 

evaponttloD. 


Thermal 

Unite actoiiUy 

contained in 

theateam. 


PreMnm* 
baa 
thembaohil* 
Tacaum, In 
lbs. on tbe 
Minanlncb. 


Thermal 
Unite con- 
verted into 
external 
work on the 


Thermal 

Unite actnaUy 

contained In 

the steam. 


1 


61-62 


1083-41 


34 


74-42 


1118-05 


2 


64-07 


1088-38 


35 


74-60 


1118-49 


3 


65-67 


1091-46 


36 


74-60 


1118-89 


4 


66-92 


1093-70 


37 


74-70 


1119-29 


5 


67-76 


1095-69 


38 


74-78 


1119-69 


6 


68-37 


1097-46 


39 


74-86 


1120-09 


7 


69-00 


1098-90 


40 


74-93 


1120-48 


8 


69-54 


1100-19 


41 


75-00 


1120-85 


9 


70-09 


1101-28 


42 


75-09 


1121-22 


10 


70-49 


1102-39 


43 


76-20 


1121-55 


11 


70-87 


1103-39 


44 


75-30 


1121-88 


12 


71-26 


1104-29 


45 


75-41 


1122-19 


13 


71-68 


1105-05 








14 


72-00 


1105-86 


46 


75-50 


1122*51 


15 


72-21 


1106-70 


47 


75-58 


1122-84 








48 


75-66 


1123-16 


16 


72-34 


1107-57 


49 


75-75 


1123-46 


17 


72-43 


1108-43 


50 


75-82 


1123-78 


18 


72-56 


1109-20 


51 


75-90 


1124-08 


19 


72-73 


1109-90 


52 


75-98 


1124-37 


20 


72-86 


1110-59 


53 


76-06 


1124-66 


21 


72-98 


1111-27 


64 


76-13 


1124-95 


22 


73-10 


1111-91 


55 


76-21 


1125-23 


23 


73-27 


1112-47 


56 


76-30 


1125-50 


24 


73-36 


1113-09 


57 


76-38 


1125-76 


25 


73-49 


1113-65 


58 


76-47 


1126-02 


20 


73-68 


1114-22 


59 


76 56 


1126-26 


27 


73-66 


1114-79 


60 


76-64 


1126-62 


28 


73-79 


1115-28 








29 


73-92 


1115-75 


61 


76-73 


1126-76 


30 


74-04 


1116 22 


62 


76-82 


1127-00 








63 


76-90 


1127-23 


.31 


74-10 


1116-74 


64 


76-97 


1127-48 


32 


74-20 


1117-19 


65 


77-05 


1127-71 


33 


74-32 


1117-62 


66 


77-13 


1127-94 
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Table VIII. — continued^ 



Pressure, 
from 
the absolute 
vacuum, in 
lbs. on the 
square inch. 


Thermal 
Units oon- 
verteii into 

external 
work on the 
ovaporaiion. 


Thermal 
Units actually 
contained in 

the steam. 


Pressure 
from 
the absolute 
vacuum, in 
lbs. oil the 
square inch. 


Thermal 
Units con- 
verted into 

ext«'mal 
work on the 
evaporation. 


Thermal 

Units actually 

contained in 

the steam. 


67 


77-20 


1128-17 


106 


80-24 


1134-90 


68 


77-28 


1128-40 


107 


80-31 


1135-04 


69 


77-36 


1128-61 


108 


80-39 


1135-17 


70 


77-43 


1128-84 


109 


80-47 


1135-29 


71 


77-52 


1129-04 


110 


80-53 


1135-44 


72 


77-60 


1129-25 


111 


80-60 


1135-57 


73 


77-68 


1129-45 


. 112 


80-67 


1135'- 71 


74 


77-75 


1129-66 


113 


80-74 


1135-84 


75 


77-83 


1129-88 


114 


80-80 


1135-98 








115 


80-86 


1136-11 


76 


77-92 


1130-05 


116 


80-94 


1136-23 


77 


78-00 


1130-23 


117 


81-02 


1136-35 


78 


78-09 


1130-42 


118 


81-10 


1136-46 


79 


78-17 


1130-61 


119 


81-18 


1136-57 


80 


78-24 


1130-80 


120 


81-25 


1136-69 


81 


78-32 


1130-98 








82 


78-40 


1131-16 


121 


81-34 


1136-79 


83 


78-47 


1131-35 


122 


81-43 


1136-89 


84 


78-53 


1131-54 


123 


81-52 


1136-99 


85 


78-60 


1131-73 


124 


81-60 


1137-10 


86 


78-68 


1131-89 


125 


81-69 


1137-19 


87 


78-75 


1132-07 


126 


81-77 


1137-30 


88 


78-83 


1132 24 


127 


81-84 


1137-41 


89 


78-91 


1132-40 


128 


81-92 


1137-51 


90 


78-98 


1132-57 


129 


82-00 


1137-61 








130 


82-07 


1137-72 


91 


79-06 


1132-73 


131 


82-15 


1137-82 


92 


79-14 


1132-89 


132 


82-23 


1137-92 


93 


79-22 


1133-04 


133 


82-31 


1138-02 


94 


79-29 


1133-20 


134 


82-38 


1138-12 


95 


79-37 


1133-35 


135 


82-45 


1138-23 


96 


79-45 


1133-50 








97 


79-52 


1133-66 


136 


82-63 


1138-32 


98 


79-60 


1133-80 


137 


82-60 


1138-42 


99 


79-68 


1133-95 


138 


82-68 


1138-51 


100 


79-75 


1134-10 


139 


82-76 


1138-60 


101 


79-84 


1134-23 


140 


82-83 


1138-70 


102 


79-93 


1134-36 


141 


82-91 


1138-79 


103 


80-00 


1134-49 


142 


83-00 


1138-87 


104 


80-08 


1134-64 


143 


83-07 


1138-97 


105 


80-16 


1134*77 


144 


83-12 


1139-08 
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Table YIIL— ^onltmied. 



Fnamt 


ThemMl 




FicBsim 


Thmnal 




flrom 


Units oon- 


Thennid 


from 


Units oon- 


Thermal 


the ataolato 


▼ertadlnto 


Units actually 


tbeabsolate 


Tertedinto 


Unite actoally 


▼SCmilDt IQ 


external 


oontalncdln 


▼acnum, in 


external 


eootatnedtn 


llM.ontli6 


warkoDtlM 




llM.ontbe 


work on the 


the steam. 




erapontlon. 




square Inob. 


eyaporatloo. 




145 


83-19 


1139-18 


178 


85-62 


1141-75 


146 


83*28 


1139-25 


179 


85-68 


1141-83 


147 


83-36 


1139-34 


180 


85-72 


1141-93 


. 148 


83-44 


1139-42 








149 


83-52 


1139-50 


181 


85-82 


1141-97 


160 


83-59 


1139-59 


, 182 


85-92 


1142-01 








183 


86-00 


1142-07 


151 


83-67 


1139-67 


184 


86-09 


1142-11 


152 


83-75 


1139-75 


185 


86-18 


1142-16 


153 


83*83 


1139-83 


186 


86-25 


1142-22 


154 


83-89 


1139-92 


187 


86-31 


1142-30 


155 


83-96 


1140-01 


188 


86-38 


1142-37 


156 


84-03 


1140-10 


189 


86-45 


1142-43 


157 


84-09 


1140-19 


190 


86-51 


1142-50 


158 


84-16 


1140-27 


191 


86-59 


1142-56 


159 


84-23 


1140-36 


192 


86-67 


1142-61 


160 


84-28 


1140-46 


193 


86-75 


1142-66 


161 


84-37 


1140-52 


194 


86-82 


1142-72 


162 


84-46 


1140-58 


195 


86-88 


1142-79 


163 


84-55 


1140-64 








164 


84-63 


1140-71 


196 


86-97 


1142-83 


165 


84-71 


1140-78 


197 


87-06 


1142-88 








198 


87-14 


1142-92 


166 


84-78 


1140-86 


199 


87-23 


1142-96 


167 


84-84 


1140-95 


200 


87-31 


1143-01 


168 


84-91 


1141-02 


201 


87-39 


1143-06 


169 


84-98 


1141-10 


202 


87-46 


1143-11 


170 


85-03 


1141-19 


203 


87-53 


1143-17 


171 


85-12 


1141-25 


204 


87-59 


1143-24 


172 


85-21 


1141-30 


205 


87-66 


1143-29 


173 


85-29 


1141-37 


206 


87-74 


1143-33 


174 


85-37 


1141-43 


207 


87-81 


1143*39 


175 


85-45 


1141-49 


208 


87-89 


1143-44 


176 


85-51 


1141-58 


209 


87-97 


1143-48 


177 


85-56 


1141-67 


210 


88-03 


1143-66 
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demancl niUBL iuwi Jaa MuHwfied before any dynamioal results can 
be obtained. No piston can be put in motion by confined steam^ 
unless the temperature. of its surfaoci as well as of all the 
surfaces in contact, is the same as that of the steam. Then the 
motion lost by the steam, and which cannot go to augment 
farther the atomic motion of the metal, appears as motion of its 
mass. This temperature of the surfaces being maintained or 
restored, the atomic motion of the steam becomes converted 
into motion of the mass of the piston whenever the pressure of 
the steam falls, and it expands to a larger volume. 

This expansion may take place under various conditions. 
One extreme condition is, when all the steam contained in the 
cylinder and boiler and connections expands, or su£fers fall of 
pressure, together ; the opposite extreme condition would be, if 
at the commencement of each stroke a portion of the steam, 
sufiBicient only to fill the piston displacement for a very small 
part of its stroke, without any waste room, were confined in the 
cylinder, by the communication with the boiler being then cut 
off, and were permitted to expand during the remainder of the 
stroke to an extreme tenuity at its termination. Under the 
first of these conditions the expansion during a single stroke 
would be iDappreciable, and so of no value ; under ^e second 
it would cause the utmost proportion of the atomic motion of 
the steam to be converted into piston motion. The economical 
problem is, how in practice to realise most nearly the gain 
which in theory is thus effected. 

For the examination of the action of the steam in expanding 
we will now return to our vessel, which, under the conditions 
supposed, we shall find in precisely the state in which we left 
it. The source of heat was removed from it when the evapora- 
tion was completed, and we will suppose that no further heat 
is imparted to the steam, nor any lost by it except through its 
conversion into work. Diagram No. 34 (in lithograph) has 
been drawn to exhibit this expansive action, and to it, as his 
guide, the reader will now be introduced. 

On this diagram the distance B A represents the height, 4* 73 
feet, to which our piston was raised by the evaporation, and at 
which it has since been standing, and also the volume, 4-73 
cubic feet, of 1 lb. of steam, under the pressure of 90 lbs. on the 
square inch ; and the rectangle A B D represents the work 
done by a pressure of 90 lbs. on the square inch acting through 
the above distance, as already given. 
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From the point A three curves are drawn. The upper one, 
A O, is a hyperbola. This curve represents expansion aocorHing 
to the law of Mariotte, which is, as has been already explained, 
page 52, that the density and the volume of a gas vary inversely 
as each other. N is the axis of this curve, and C B and C H 
are its asymptotes. The former of these is the line which the 
compression of the steam would reach, and the latter that which 
its expansion would reach, if these were continued to an infinite 
distance. The corresponding portions of the curve on opposite 
sides of the axis N are, of course, the counterparts of each 
other, as may be better observed on diagram No. 38, in the next 
section, p. 161. 

The product of an ordinate of the asymptote C H, and its 
corresponding abscissa, representing, the former the density and 
the latter the volume of the steam, is a constant number, to 
whatever point of the curve these may be drawn. This is an 
isothermal curve, the law of Mariotte assuming a constant 
temperature of the gas, and bo it cannot be the curve of the 
expansion of steam ; but it a£fords the base of measurement and 
the standard of comparison for all other expansion curves 
theoretical and actual. 

The second curve, A I, is the curve of the relative volumes of 
steam, according to the generally received speculations, and 
which volumes have been given in the Tables of the Properties 
of Steam, pages 58 and 66. We see at a glance in what degree 
steam departs, or is believed to depart, from the law of the 
gases ; expanding considerably less than that law calls for on a 
given fall of pressure, but not so much less as it would do if it 
conformed to the law of the contraction of air by cooling. The 
contraction from the Mariotte curve which this law would 
require would, for the fall of temperature here represented, be 
201 • 6 from 1800 ; that given in the Table of Belative Volumes, 
and shown by the curve A I, is 159 from 1800. 

Theoretically, the curve A I could not be drawn, because in 
expansion work must be done, and so steam be condensed. This 
curve consists, then, merely of the separate points to which a 
given weight of water would expand on evaporation, if 
evaporated under different pressures represented by the 
ordinates. 

The lower curve, A L, represents the theoretical expansion of 
steam ; its volume being reduced continually by the condensa- 
tion consequent' on the conversion of successive portions of its 
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latent heat into mechanical work. The shortening of its 
abscisses from those of the curve A I represents this contraction 
of volume. The method by which this has been determined 
will be described directly. 

The Table of Hyperbolic Logarithms enables us to calculate 
the power exerted during the expansion on the curve A O only- 
In Table No. IX., this action will be found fully presented. 
In the succeeding Table, No. X., the relative lengths of the 
abscisses of the three curves are given for each of the sixteen 
points taken, and also the powers exerted by the steam in 
expanding on the curves A I and A L, as reduced from those 
exerted by expansion on the curve A G, according to the dimi- 
nution in the lengths of those parts of the abscisses which 
represent the expansion. 

Let now one-sixth of the weight resting on our piston, or 
2160 lbs., be removed, in a manner similar to that in which 
pressure falls by expansion, as shown by the portion A E of the 
curve A I, The pressure is reduced from 90 lbs. to 75 lbs. on 
the square inch. If no condensation took place, the volume of 
the steam would enlarge from 294*7 times to 348*3 times that 
of the water. But to effect this enlargement, a mean weight of 
11,790 lbs. must be lifted through -86 of a foot, which is 10,145 
foot-pounds of work, and this would require the conversion of 
13 * 14 units of heat into mechanical work. Of this number the 
diminution in the total heat of the steam supplies 3*86 units, 
leaving 9*28 units which must be supplied by the condensation 
of a portion of the steam. 

The steam condensing retains still the same temperature, and 
so parts only with its latent heat. The whole number of units 
of latent heat contained in 1 lb. of steam, at 75 lbs. pressure, is 
819*796 ; so that nearly -^j^ of the steam must be condensed to 
supply this power, and as the piston rises we see the interior of 
our vessel become cloudy from this condensation. After the 
work has been performed it will gradually dear again, the water 
formed collecting at the bottom. 

This condensation, however, reduces by so much the volume 
of the steam, and therefore the rise of the piston, and less work 
is done, and again the condensation is not so much. The actaal 
rise of the piston is found, by the method to be explained pre- 
sently, to be * 81 of a foot ; the work done, 9550 foot-pounds ; 
and the heat converted into work, 12*37 units: all which is 
represented on the diagram in the area A E F D. 
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Again, instead of remoying one-sixth, let ns, in the same 
gradual manner in which the preasnre wonld fall by expansion, 
without allowing for condensation, as represented by the curye 
A I, remove five-sixths of the load on our piston, amounting to 
10,800 lbs., leaving 2160 lbs. remaining at tiie end of the 
expansion. 

The pressure now falls to 15 lbs. on the square inch, and if 
no condensation took plaoe the volume of the steam would 
expand from 294*7 times to 1612 times that of the water, 
causing a rise of the piston, additional to the 4* 73 feet produced 
by the evaporation, of 21 * 15 feet, and raising a mean weight of 
4688 lbs. through this distance, and so exerting 99,160 foot- 
pounds of power. 

We are struck with astonishment at the amount of this power. 
The power developed by the evaporation was 61,300 foot-pounds. 
The additional power, derived from cutting off at five-sixths, and 
expanding though one-sixth, of the rise, was found to be, ap- 
parently, before the deduction had been made for condensation, 
10,145 foot-pounds. Now we are, in round numbers, cutting off 
at one-sixth, and expanding through five-sixths, of the rise ; and 
although at the end the pressure has fallen five times as far as it 
then did, still the work done on this expansion would, if no de- 
duction had to be made for condensation, be 99,160 foot-pounds, 
or very nearly ten times as much as on the former one. The 
explanation of this is found in the comparatively great distance 
through which the piston would move on this expansion, 21 - 15 
feet, against only * 86 of a foot on the former one. If the ex- 
pansion followed the law of Mariotte, 25 times the distance 
would be moved through to effect a five-fold expansion: the 
above distances are 24* 6 and 1. It is interesting to observe in 
the Tables and on the diagram precisely how, as the mean 
pressure falls, the amount of work done on a given fall of 
pressure increases. 

But to lift this weight through this distance, 128*45 units of 
heat would have to be converted into mechanical work. The 
total heat of the steam falls from 1211*562 units to 1178*912 
units, so that 82*64 units are set free, or, as happily expressed 
by M. Regnault, are abandoned, by the steam, and supply this 
requirement to that extent. There would remain then 95*81 
units, which must be furnished by the condensation of a portion 
of the steam. The quantity of latent heat contained in the 
steam at 15 lbs. pressure is 892*76 units, so that -1073 of the 
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pound of steam must be condensed; and now, as our piston 
rises, we see in the vessel not only a thick cloud, but a shower. 
When this has cleared away we find that the piston has risen, 
not 21 • 16 feet, but only 19 • 835 feet. 

The method of arriving at this distance is as follows:— A 
single computation would give a widely eroneous result, from 
the fact that the rate of condensation is not uniform during the 
expansion. The computation has been made, therefore, for each 
5 lbs. &11 of pressure, and the result approximates demonstrably ' 
very nearly to the truth. 

The process for the first interval is given as an illustration. 
The power exerted by the steam in expanding from 90 lbs. to 
85 lbs. on the curve A I would be 8173 foot-pounds, requiring 
the conversion of 4 - 11 units of heat into work. 1 * 2257 units of 
heat are abandoned by the steam, so that 2*8843 units must be 
supplied by condensation. This produces a contraction of *00824 
of the volume, or of 1 * 0238 on the scale of the diagram and of 
Table X., and reduces the dibtance raised by expansion from 
16- to 14*9762. But the same weight lifted through the latter 
distance would require only 2970 foot-pounds of power to be 
exerted, and the condensation produced in exerting this power 
would reduce the distance raised by expansion only to 15*071. 
We have now three expansions and their differences :— 

16*0000 

,, ^^,«- 1-0238 

14-9762 

.. r.».r.+ "0948 
15*0710 

It will not be necessary to carry the calculation fiirther, as 
the differences in alternate directions will continually diminish 
by the same divisor, which in this case is 10*8 ; and we may 
continue the above series, aa follows : — 

15*0710 

,, ^^^^ - *0088 

15*0622 

-(- -0008 
15*0630 ^ 

The actual contraction of volume by condensation is, therefore, 
16* - 16*063 = -937. 

This calculation is repeated for each interval ; the proportion 
of loss is found each time, be dividing the units of heat eon- 

K 
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densed by the uuits of latent heat remaining, and the expanded 
yolumei aa reduced by previous condensation, is then multiplied 
by this decimaL In^ this manner column 3 (6) of Table X. has 
been foiind^ and from this the other columns relating to the 
Qurve A L have been derived. 

'On t bis expansion 92,570 foot-pounds of work have been done, 
4nd ].$ld units of heat have been converted into work, of which 
^umber 87*36 units have been supplied by the condensation of 
:0978 of the steam. 
The total result is as follows :— 



• In tii][e change of state : — 

Ist; From water into steam •• 
^^d. From steam into water •• 


Foot-{Kmnd« of 
workdoM. 


UniUofheai 
oonverted. 


61,300 

92,670 


79«4 
120- 


v,r . Total .. .. 


163,870 


199-4 



^"l^h^' Excess of power furnished by the condensation over that 
fuminhedlby the evaporation is 31,270 foot-pounds. The total 
number of units of heat above 212*9 imparted to 1 lb. of water 
to evaporate it under 90 lbs. pressure is 998*626 ; and of this 
number we see that, when expanding through five-sixths of the 
rise, 199-4, or, as nearly as possible, *2, is converted into 
mechanical work. 

A point may be noted here with respeot to expansion on the 
Mariotte curve, which, as we shall have occasion to see, is the 
lowi^si .curve that is reached in practice. If steam is used at 
any lower pressure than 90 lbs., for example, and follows the 
piston for a proportionately longer distance before it is cut off 
— as, if one-half the pressure follows twice as far, or if one-third 
of the pressure follows three times as far — ^the expansion will 
describe the remaining part of the same curve. 

From this it follows, that the additional power obtained by 
carrying a higher pressure and cutting off correspondingly 
s6oher is clear gain; as, for example, the power represented by 
the area A P B, diagram No. 34, is all gained by cutting off 
90 lbs. at one-sixth, iustoad of 30 lbs. at one-half, of the stroke,. 
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So again, if steam were used of 180 lbs. pressure, and were cut 
off at one-twelfth of the stroke, an area eorresponding with 
G H B would be added, above the line A B, to the power 
exerted by the same weight of steam. 

We have observed that, theoretically, the ourve A I is impos- 
sible. We have now to remark that the curve A L is practically 
impo>8ible ; because, as the pressure and temperature fall by the 
expansion, the steam condensed each instant is re-evaporated 
the next. The heat it has parted with, however, is gone — 
converted into piston motion. There is not required so 
much to re-evaporate it, its total beat at the end of the expan- 
sion being, as already seen, 32*64 units less than at the com- 
mencement. 

As the boiling-point falls very rapidly, feJling from 320*039° 
to 213*025°, during this expansion, the heat required to re- 
evaporate the water as it is formed is supplied partly from its 
own excess of heat, but mostly from the surfaces of the cylinder 
pistun, and heads, from which the heat is abstracted by the 
steam with enormous rapidity. Thus we see that the curve 
A I, although theoretically impossible, is practically the lowest 
curve that can be drawn, and that the heat converted into work 
during the expansion, above that abandoned by the steam, is 
represented at the end of the stroke by a lower temperature of 
the confining metal, instead of by water formed. We note also, 
that the work done during expansion is not subject to deduction 
for contraction of volume of the steam by condensation, and 
cannot be less than that given in column 4 of Table X. 

We come now to the subject of condensation in the cylinder. 
Let us suppose diagram No. 34 to represent the action of steam, 
cut off at oncHsixth of the stroke, in the cylinder of an engine, 
and that at the point A the cylinder is filled with perfectly dry 
steam. During the expansion the temperature of the interior 
surfaces falls nearly with that of the steam, affording heat to 
re-evaporate the water formed, and also to superheat the steam, 
perhaps considerably, as the metal contains heat in excess. 
During the exhaust the steam, supposing it not to fall to any 
lower temperature than that which it reached at the end of the 
expansion, nevertheless continues to abstract heat from the 
metal, as tids is brought from the body to the surface by con- 
duction. These conditions involve the smallest loss of heat 
possible. 

K 2 
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The heat thoa loet mui$ be restored to the metal before the 
piston arrives again at the point A. We have already observed 
that, until the exposed sarfaoee of the metal have acquired a 
temperature equal to that of the steam, the heat in the steam 
goes to warm the piston, and not to move it. There are three 
ways of restoring the heat which the surfaces have lost, — ^first, 
by superheating the steam, h> that it can impart the lost heat 
to the cylinder without suffering any condensation, and this is 
probably the only mode by which the condition we have 
supposed, of entirely dry steam at the point of cut-off, can be 
realised ; second, by using a steam-jacket ; and third, by per- 
mitting the entering steam to suffer the condensation necessary 
for this purpose. 

The latter course is the one commonly adopted. Let us follow 
the action in such a case, as it takes place on one side of the 
piston, supposing the steam to enter the cylinder perfectly dry, 
and supposing also that, on the first stroke we are observing, 
the cylinder is filled with perfectly dry steam at the point of 
cut-off. The condensation, and cooling of the cylinder by re- 
evaporation, on tbe first expansion, we have just observed. At 
the commencement of the next stroke a part of the entering 
steam must be condensed to restore this heat, so that at the 
point of cut-off water is present, representing the work done on 
the previous expansion and the heat abstracted by the steam 
during the exhaust. 

As from this point the temperature of the steam, and the 
boiling point, again fall rapidly, the water takes the excess of 
heat from the surfaces with the greatest avidity, so that at the 
end of the second expansion it, as well as the water formed by 
the work , done, is all evaporated ; but the surfaces are cooled 
twice as much as they were at the end of the previous stroke, 
even disregarding the heat which they lost by being exposed 
to the cooler steam during the first exhaust. Thus at the 
commencement of the next stroke twice as much of the 
entering steam must be condensed on them to restore the heat 
they have lost, and then this double quantity of water formed 
must be evaporated during the expansion and return stroke, 
and so on. 

But where does this process stop, and why does it not go on 
till all the entering steam has to be condensed ? It does go on 
much farther than is commonly imagiued. First, the steam 
ceases to be superheated at the end of th^ expansion, and after 
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a while the moisture formed fails to be wholly re-evaporated^ 
though this process continues through the return stroke, and 
then, and not until then, the increase in the condensation can 
cease. 

Clearly, so long as the surfaces afford heat to re-evaporate all 
the water formed, an additional quantity of water must be 
formed at the beginning of each successive stroke ; but when 
they cease to do this, a point is reached below which they are 
not cooled, and so a limit is formed to the condensation required 
to restore their temperature. This limit will, it is clear, vary 
as the extent of the exposed surfaces, and as the duration of the 
exposure ; and the proportion of the steam that is condensed 
will be inversely as the weight admitted to the cylinder. So 
the loss from this cause must be greatest : firsf, in the smallest 
cylinders with the shortest stroke, these having the largest pro- 
portion of surface to capacity ; second, in engines having the 
slowest moving pistons ; and third, when the steam is cut off 
earliest. Concerning high-speed engines it is to be observed, 
that they are more economical than slow-moving engines 
working steam of the same pressure, and cutting off at the same 
point ; not in the degree that their piston speed is greater, but 
as their area of surface, exposed to the same weight of steam in 
a given time, may be less; which is not necessarily, nor. 
always, the case. If it were attempted to make a cylinder 
of metal having greater heat-conducting power than that of 
iron — as brass, for example — ^the loss from this cause would 
be found to be increased directly as the rate of conduction was 
increased. 

We have supposed the steam to enter the cylinder dry. In 
fact, however, unless superheated, it never is dry, and often 
contains a great amofaint of water. But if the condensation of 
dry entering steam goes on increasing, so long as the cylinder 
can, during the expansion and return stroke, re-evaporate the 
water formed, as it certainly must do, it does not appear how 
water oontarned in the steam and difiused as a cloud through it 
can increase thia action materially ; and so it would seem that 
the loss occasioned thereby is mostly that of the heat carried 
away from the boiler by the useless water. 

The condensation of the entering steam can be readily ob- 
served. An Indicator stop-cock on the steam-chest and those on 
the cylinder being opened, a marked difference will be seen in 
the appearance of the escaping steam, that from the cylinder 
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being mnoh the more oloady. Dry steam is inyisible ; very wet 
steam, on the other hand, sometimes blows through the stop- 
oock in appearance Uke a steia of white glass. The water 
formed by condensation must of oourse be at first deposited on 
the cooler surfaces of the metal, but the yiolence of the impact 
and current seems instantly to detach the partides, and diffuse 
them through the body of the steam. 

A simple experiment will beautifully exhibit the OTaporation 
which ttikes place during expansion. When an engine is 
stopped, without allowing the cylinder to cool, block the fly- 
wheel and turn on the steam. This being then shut off again, 
the cylinder at one end is filled with confined steam of the 
boiler pressure. Now partially open the Indicator 8top-cock, 
and allow the steam to blow out gradually. At first it will 
blow more or less cloudy ; as the pressure falls by expansion, 
and the force of the current slackens, the colour will be gra- 
dually disappearing, and before ceasing to e^^cape the steam 
will have become quite invisible. Here time is allowed for the 
evaporation to be completed. A like observation may be made 
while the eui^^ine is running, when the evaporation will be seen 
to be only partial, the time occupied in a stroke being too 
short for its completion, unless the steam enters the cylinder 
dry. Very different results will be obtained in different 
cases, according to the proportion of water in the steam, the 
pressure carried, the point of cut-off, and the time occupied in a 
stroke. 

The action that we have been considering is the principle ob- 
stacle to economy in the use of steam. In Section III. of this 
Fart is shown the immense loss suffered from want of attention 
to it. The higher the pressxure, the earlier the cut-off, and the 
better the vacuum, the greater will be the proportion of the 
entering steam condensed to restore to the surfaces the tempe- 
rature which they must have before the steam will e^ert any 
dynamical energy. The combination of moderate superheating 
with the steam-jacket seems to afford the best means of 
avoiding this loss. Comparatively little benefit is derived 
from the jacket if the entering steam is wet. On the other 
hand, superheating in a degree suffioientJx) answer the purpose 
alone is unsatisfactory. Its degree cannot be precisely con- 
trolled, and the same degree may, if the steam is cut off early, 
be insufficient to restore the temperature to the surfitces, and 
yet sufficient to set the stuffing-boxes on fire if the steam is cut 
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off late. For slow-moving engines, superheating alone is of no 
aooount. 

The waste room in the clearance and passage* or passages^^t 
each end of the cylinder, is another source of loss* and one 
which cannot be got rid of. Generally it is necessary to add in 
this way about *04 to the piston displacement. The proportion 
of loss from this cause increases as the steam is cut off earlier. 
Thus if we cut off at one-sixth of the stroke* the above amount 
of waste room adds one quarter, if we cut off at one-eight it 
adds one third, and if we cut off at one-twelfth it adds one 
half, to the weight of steam required to fill the piston displace- 
ment. 

At the point of cut-off the steam contained in: the waste room 
adds in the above proportion to the volume of the steam, but at 
the point of release it adds in nearly the same proportion to its 
density. It is not, therefore, wholly lost, but on the expansion 
adds its proportion to the force exerted. 

This is illustrated on diagram No. 35, page 144. This, and 
No. 35a on the opposite page, were taken during the trial of the 
compound pumping-engine at Lowell, Massachusetts. The dia- 
grams from ihe low-pressure cylinders, reduced to the same scale, 
are placed in their correct positions beneath those from the high- 
pressure cylinders. On diagram No. 35 the expansion, except for 
a short distance at the commencement, followed the Mariotte 
curve exactly. The amount of waste room is large, being * 06 of 
the piston displacement. The hyperbolic curve A, of which the 
diagonal h is the axis, represents the expansion of the steam 
contained in the space through which the piston has moved. 
The waste room, represented at the 'end of the diagram, adds *4^ 
to the weight of steam used, and the area between the two 
expansion curves represents the work done in the high-pressure 
cylinder by this addition. When expansion is carried farther 
in a second cylinder, the benefit is obtained of the increased 
density of the steam at the end of the first expansion ; but when 
the exhaust from the high-pressure cylinder is opened, the 
waste room in the passage and at the end of the low-pressure 
cylinder has to be filled, and in this case this, and the conden- 
sation on entering it, together, occasion the loss at this point 
as the diagram shows, of one-fourth the pressure in the large 
cylinder. We can there see, that if seven-tenths of thelossin 
the latter waste room conld have been avoided, the weight of 
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steam represented by the curve A would have done the same 
work in the large cylinder ♦hat in fact was done. Compounding 




is subject to a large deduction from its theoretical gain on this 
aooount ; but of this more hereafter. 
The loss occasioned by the waste room in a single cylinder 
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can be found by the method illustrated below : — ^Let 100 lbs. 
pressnre be out off at one-sixth of the stroke, and let 24' repre- 




sent the length of the stroke, and 1 • represent the waste room 
which will then add one-fourth to the piston displacement up 
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to the point of outroff. Then 24 -f- 4 = 6, and 25-7- 5 » 5; and 
ao we are, in reality, cutting off at one-fifth, instead of at one- 
sixth, of the length of the ohamber. 

100 -i- 5 s 20* X 2*6^52 -^of 100 = 48 Ibe. mean pres- 
sare, and IOO-t-6 b 16*66 x 2*8 m 46*6 lbs. mean pressure, 
during the stroke. 48-r 5 s 9*6; and 46*6 -r 4 e= 11*65. 
The former number represents the work really done, and the 
latter that which, if there were no waste room, would be done 
by the same weight of steam. The loss shown is about 20 per 
cent. That is, 25 per cent, more steam is used, and about 5 per 
cent, is added by it to the work done. This loss is increased as 
we cut off earlier. 

This loss can be completely avoided by compressing the 
exhaust steam up to the density of the steam in the chest. The 
steam filling the waste room then acts as a constant spring, 
giving out by its expansion the force needed to compress it 
again. The smaller the quantity of waste room, the higher 
will be the rise of pressure from the closing of the exhaust- 
valve at a given point of the stroke, and also the less the area 
of the cooling surface ; so that the gain from reducing the waste 
room is threefold. 

We have observed that the expansion curve in diagram 
No. 35 follows the law of Mariotte. If, however, the hyper- 
bolic curve were drawn to coincide with the expansion curve 
at its commencement, then afterwards the latter would run all 
the way below it. The writer has analysed but one other 
diagram in which the expansion curve fell below the hyper- 
bola all th'e way, and that is the following, No. 86, taken from 
a non-condensing Corliss engine at Saltaire; but it is to be 
apprehended that this was a case of a leaky exhaust- valve or 
piston. The waste room is very small, only *033 of the piston 
displacement; the pressure was high, and steam followed a long 
distance; but there was no steam-jacket, and if the steam 
was not superheated the curve was impossible, while if it 
was superheated it would seem that the great heat of the 
cylinder should have raised the expansion curve higher at its^ 
termination. 

In the very similar case of diagram No. 29, page 98, the 
valves and piston were known to be tight, and the steam was 
superheated about 30 degrees. The pressure fell a little belo^ 
the hyperbolic curve during a considerable part of the expan- 
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Bion, but rose to coincide with it before readiing the point of 
release, undoubtedly from the superheating of the expanding 
steam. 




In the absence of positive proof, it seems doubtful whether 
the expansion curve, unaffected by leakage, can ever fall, 



148 THE BIOHARBS STEAM-ENOIKE IKDICATOB. 

through its entire length, below the hyperbola. If not raised 
to it at its termination hj the re-evaporation of moisture, it 
will be BO, apparently, by the superheating of the steam. We 
shall see that in all ordinary oases it is raised aboTO it, and 
sometimes far. above it, by the former of these operations going 
on during the expansion. 

In the next section we shall consider more fully the use of the 
Indicator in connection with thia whole subject. 
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SECTION 11. 

OBSEBVATIONS ON THE SEVERAL LINES OF THE 
DLA.GBAM, 

Before oonsidering the features of the engine and the action 
of the steam which are indicated by these lines, it is imponant 
to remind the engineer of some points which are often neg 
lected. 

The first of these is the mechanical condition of the engine. 
The engineer should huno that the piston and valves are tight. 
Unless they in fact are so, the diagram will not tell what the 
engine would be doing if they were ; and unless the engineer 
knows tiiat tbey are so, he cannot conclude with certainty about 
the causes of the features exhibited. For example, cUagram 
No. 35, page 144, shows an expansion curve following closely the 
curve of Mariotte, and diagram No. d5a, on the opposite page, 
taken simultaneously from the opposite end of the same cy- 
linder, shows an expansion curVe much higher at the ter- 
mination of the stroke. The curve marked A is the Mariotte 
curve, drawn from the termination of the stroke. Why this 
difference? 

The committee appointed to ascertain the duty of the engine 
came to the conclusion that the valve must have leaked. Sub- 
sequent observations of diagrams from other vertical engines 
lead to the belief that this conclusion was a mistaken one, and 
that the rise of pressure was due to re-evaporation ; but the 
condition of the engine in this respect had not been ascer- 
tained, and so the answer to the above question was not then 
found. 

Again, the capacity of the clearance and passages, which, as 
well as the piston displacement, are to be filled with steam, 
must be known, or neither the consumption of steam nor the 
character of the expansion curve can be determined. 

The point of cut-off should also be precisely known. In the 
best expansion engines, running at moderate speed, this is 
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clearly indicated on the diagram ; on diagrams No. 9, page 96, 
and No. 23, page 110, it would be hard to guess at it. On 
diagrams from engines running at high speed it cannot, as a 
general thing, be shown with precision, on account of the faM 




of pressure in the cylinder during the cloeit^S oi the port 
There are several ways of determining this -p^^^^^ ^^^^ ^^ 
diagram does not show it. If the cutoff jg X^'^ ^^ Bteam- 
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chest can be opened, and it can be seen ; but the better and 
readier way is to take a diagram at slow speed, as in No. 19 in 
the Appendix. On locomotives the point of cut-off for each 
notch; can thus be determined. 

On engines with a variable cut-off this point can generally be 
known by the position of the governor, according to a scale 
made for the purpose. When, however, the point of cut-off can- 
not be determined, the hyperbolic curve witii which its ezpan^ 
sion curve is to be compared may be drawn, starting from a 
point on the expansion curve after it is certain that the steam 
has been cut off. When the expansion curve presents oscilla- 
tions, the point of cut-off will be the highest point at which the 
hyperbola will touch it ; and sometimes this will be at some 
distance from what looks like a sharp cut-off. 

Of serrated and waving lines. — The characteristics of these lines 
will be considered together. There are none of more interest 
and value. They may occur at the points of admission, of cut- 
off, and of release — whenever the impulse received by the piston 
of the Indicator in either direction is so sudden that the momen- 




tum imparted carries the pencil beyond the point which marks 
the real change of pressure. These are of great value, as they 
show precisely the degree of suddenness or violence of the action 
of the steam, and also the excellence or otherwise of the action 
of the Indicaton The old belief that they represented actual 
pulsations of the stestm,. and how quickly that was exploded by 
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the appKoation of this Indicator, have already been noticed on 
page20. 

The diagram No. 20, page 160, taken from the « Allen" en- 




gine, running at the Paris Exposition of 1867 at 200 revolutions 
per minnte, affords a beantifal illustration of this action. The 
pencil hajjpened to touch the paper at the point A of the return 
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dtioke. On the next letnm stn^e the alight preflsnie prevented 
any Tibratione, and the atraight line waa drawn through the 
mean of the previona onea. There waa no fidl of preaanie 
at the leleaae to prodnce any vibrationa, and the Tihrationa 
whioh hed taken plaoe during the retom atroke, when they 
weie entirely unoheoked, were the feeble termination of thoae 
whioh oommenoed at the point of ont-off, and whioh were 
then, of oonrsey ationger than they ahow when oheoked by the 
firiotion of the penoiL The flowing oharaoter of the lines 
pleaaea the eye by the graoefdl nndulationa they present, and 
demonstrate the entire absence of Motion in the cylinder of the 
Indicator. 

Where at high speed the cutoff is sharp, the amplitude of the 
vibrations will be in a; large measafe controlled, especially if a 
weak spring is used, by the degree of pressure applied to the 
penoiL Yeiy interesting linea are then obtained by letting the 
pencil nm three or fimr times round, varying the pressure on 
each expansion from the least possible to a somewhat firm 
one. 

Diagrams No. 18, page 151, and Na 17, page 152, exhibit, in 
contraat with the above, evidence of dight friction in the 
instnunent ; the fidl is by asnooesBion of steps, there is no rise 
of the pencil, no reaction. Neither of these was taken with the 
Bidhards Indicator. The former is from one of a pair of engines 
driving a screw at about 60 revolutions, and the latter is from 
a paddle-wheel engine making only 16 revolutions per minute. 
Of course, in both these eases the expansion curves should have 
been drawn without any vibration at all. 

The diagram No. 28, page 153, from the cylinder of a gas- 
engine, affords at (moe a fine illu/stiatioiiof this vibrati<m of the 
Indicator, and of its usefulness. It tells the whole story. 
When the stroke was two-thirds completed, and the excess of 
back pressure was beginning to stop the engine, the contents of 
the cylinder were exploded with a suddenness exactly repre- 
sented by the extent and rapidity of the vibrations, and deve- 
lop^ a force during the remainder of the stroke represented 
by their mean. 

A slight vibraticm, producing long and gentle undulations 
on the return stroke, is shown in diagram No . 24> on the oppo- 
Bite page. This diagram was taken from' Shaw's Hot-air 
Engine at the Paris Exposition of 1867, an engine which gave 
a promise that for some reason does not seem to have been fulr 
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filled^ The. vibratioiiB' were oooasioned by the Buddeiiness of 
theexhckUfit 

This use of the Indicator is of eapocial value in Exhibiting the 




character of the admission in high-Bpeied engines. It is found 
that a very moderate pressure may be 8o ,admitted^a9 to produce 
vibrations of the pencil of extreme violence ; and on the other 

L 2 
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hand, at the very mane ipeed, tiie highfltt prefraiet niAy be 
obtained, preoielj on the dead centre, so gently aa to'impart to 
the inatmment aoaroely any vibration at all. 

All the Indicator diagrams in the book may be naefnlly 
studied in connection with the following remarks on each of the 
several lines, thongh only a few of them will be referred to. 



L The Admissiox Linb. 

This line is formed by the rise of pressnre in the cylinder as 
the port is opened for tiie admission of the steam. It begins at 
the termination of the compression. In the old beam-engpne 
days this was the point of anxiety. To admit the pressure 
gradually as the piston advanced. So as to save the beam, 
centre from the strain, and the whole htmctore from the shook, 
of admission on or near the dead centre, was the constant aim« 
'to which everything else was sacrificed. It is becoming diffi- 
cult to realise the degree of this apprehension in the minds of 
the past generation of engineers. The writer was once assured 
by a high authority in England, that, if he saw any way to do 
it, he would not admit the steam till the piston had made 
a quarter of its stroke. Diagram No. 23, page 110, would 
present, in the eyes of our Others, a very moderate indination 
of the admission line ; and they would have received from 
No. 12, page 85, as great a shock as any engine could da 

But time has been changing all that, and now, in direct-acting 
self-contained engines, we admit any pressure as plump on the 
centre as we can do ; and find, moreover, that the faster we run 
the more complete is the absence of all shock or strain at that 
point. 

The direction and height of the admission line, relatively to 
that showing boiler-pressure, are determined by tiie amount of 
lead given to the valve, for which no general rule can be laid 
down. . It dependb on the speed of the piston, the proportion 
between the area of the port and that of the cylinder, the ra- 
pidity or slowness of the opening movement, and the density of 
the steam already in the cylinder at the instant of opening. 
The correct lead can be found only by the application of the 
Indicator. Without its assistance the best judgment is likely 
to err, in a case presenting novel conditions. By the **best 
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jadgment " is meant a judgmetit formed by oarefal comparison 
of the actual lead given, with the admission line drawn by the 
Indicator, in a wide diversity of oases. 



IL Ths Steah Link. 

This is drawn by the advance of the piston while the port 
continues open f6r the admission of steam to the cylinder. 
Here we find engines divided iuto four classes, namely : — 

1. Those in which the valves have an invariable motion 
without any, or with only very trifling lap, causing the port to 
remain open, or, technicuklly, the steam to follow the piston, 
quite or nearly to the end of the stroke. 

2. Those in which the valves have also an invariable motion, 
but with more or less lap, .causing the steam to be cut off at a 
certain fixed point of the stroke. 

3. Those in which the point of cut-off may be varied by hand 
either by means of the link motion or of an independent cut-off 
gear; and, 

4. Those in which the point of cut-off is adjusted by the 
action of the governor, according to the changes either in the 
pressure of steam or in the resistance to be overoome. 

In the first two classes, when less than the full pressure Is 
i-equii'ed in the cylinder^ the governor or the engine-driver 
adjusts the pressure by changing the position of the regulating 
valve. In the third dass the regulating valve may be employed 
for the same purpose, but the more usual and better way is, tct. ,/ 
run such engines with this valve entirely open, and to adjuttt 
the mean pressure in the cylinder by changing the point of cut-, 
off. Engines of the fourth dass have no regulating valve„ but 
the full attainable pressure of steam is admitted to the cylinder. 

The action of the regulating valve varies the paeUUm of the. 
steam line upward or downward, to that distance from the atmo- 
spheric line which gives the meaxk pressure required. The 
action of the cut-off gear, on the conti-ary, varies its length for the . 
same purpose. In engines in which the steam follows to the end, , 
or nearly to the end, of the stroke, and indeed in all cases where 
the pressure is reduced between the boiler and cylinder by the 
action of the regulating valve—that is, by throttling — ^it is a 
matter of very little interest what the steam line may be. Not , 
only its distance from the atmospheric line, but also its direction, 
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is ohanged by ctveiy change in; the position of the r^ulating 
ya],ve, sp.t^hat it is pot all a fit subject for oonsideratipn, as is 
well illustrated in diagram Ij^o. 14, taken from a non-condensing 
engine, where, owing to the bad action of the governor, the 
position of the regulating valve varied extremely at eveiy 
stroke of the engine. The diagram shows tiie steam lines for 
fifteen consecutive revolutions, and illustrates the value of a 
good fly-wheel. The two lines drawn under the diagram are 
the atmospheiic lipe a;nd the line of perfect va^cuum. These 
lines are essential to a proper }cpowledge of the quantity of 
steam consumed,. 
, In. engines which, hav^ no regulating valve, or where it if 




not employetd, all in marine engines except in rbughiveather, 
the steam line should approach nearly to the "line of boilet' 
pressure, and elhould be parallel with" thSs line up to the poinHi 
of release 01* ciit-off. As, however, a difference of leM is 
neeensary to giv6 motion to a strtom of water, fo inequaliff lif 
pressure is required t6 produice a Current 'of steam, the amoWtff 
ctf the inequality depending on the^rfbcity of'the 'current, 'of^ 
on the area of tiie passage where '^bst contracted, and onHhb" 
number and amount of its deflebtioim.' For this reason ileithet-' 
the presstire nf the boiler; riof the vactium maintained in thW 
condenser, can* e^et be reached in the cylinder, although the' 
employmenic of lai-ge' ports and pipes' free from bends will* 
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^able both to be nearly approximated to. Diagrams Nos. 1, 10, 
11, and 17, afford examples of oorreot steam lines, except that in 
No. 1 it is not otrntinned parallel nearly np to the point of cut- 
off. Diagram No. 12 shows a slight hJl of the steam line as 
the piston advanced, bnt the point of cut-off is well shown. 
Diagram No. 15, from a marine condensing engine, at 336 fee'^ 
r travel of piston per minute, and Nos, 4, 5, 6, and 7, from ^ 
locomotive, at 730, 820, and 950 feet travel of piston pei 
minute, afford, on the contrary, examples of bad steam lines, 
The boiler pressure is very nearly attained at the commenoe-> 
ment of the stroke, in the first case by lead given to the valve, 
and in the others by lead superadded to excessive compression ; 
but as the piston advances, the pressure falls with great ra- 
pidity, and the point at which the port was closed the diagram 
affords no means of discovering. In all these cases the passage 
of steam to the valve-chamber was entirely unimpeded. 

The nature of the st^am line depends principally on the pro- 
portion between tl^e area of the porta, supposing them to be, as 
they ought, the smallest passages through which the steam is 
taken, and the capacity of cylinder to be filled in a given time^ 
A given capacity may be formed in the same time by the slow 
advance of the piston in a larger cylinder, or by its more rapid 
advance in a smaller one. The sectional area of cylinder and 
the speed of the piston must, then, be equally considered in 
determining the area of the ports, as they are equal elements in 
determining the capacity of cylinder to be filled. The velocity 
of the current of steam is really the only point to be considered* 
This, through the port, should not exceed 200 feet per second. 

While, therefore, very high velocity of piston does not render 
impossible the attainment of a correct steam line, still the size 
of port required for this purpose becomes so considerable, and 
the amount of power absorbed in working the valves, under 
the pressure which is generally associated with high speed of 
piston, is already so serious, that with the present form of valve 
in use — on locomotives, for example— it is better probably to 
submit to the defect at high velocities, than to attempt t(| 
amend it by enlargement Improvement in this feature can be 
looked for only from a radical change in the valves and their 
movements. 

The following diagram. No. 37, has been taken at speeds in- 
creasing from about 40 revolutions to 170 revolutions per 
Qiinute,' expressly to show how, all other circumstances being 



160 THB BI0HABD6 8TSAM-ENQINE INDIOATOBi 

the same, the steam line falls as the speed increases, through v 
the insufficiencj of the port The point of cut-off was fixed ; 
the Taouum was being formed while this diagram was taken. 
It iUnstrates also the lengthening of the diagram that is caused 
by the elasticity of a long cord at high speed. 




Another cause also contributes to injure the steam line, espe- 
cially in condensing engines, namely, the condensation of the' 
steam on entering the cylinder. To this cause the great fall of 
pressure' in diagram No. 15 must in part be attributed, the 
small size of the ports not being sufficient to account for it, at 
the speed of piston employed, of 336 feet per minute. 



III. The Expansion Curts. 

If any one line of the diagram possesses a greater interest 
than the others, it is the expansion curve. We have already 
become familiar with it, and have found it a theme of never- 
ending interest. 

The Mariotte curve, as has already been said, is the standard 
by which the character of all expansion curves actually drawn 
is determined. This it is for various reasons. It is a deter- 
minate n^thematical cur^e, a hyperbola, it can be readily and 
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precisely drawn, and the best curves attainable in practice co- 
incide with it very nearly, if not exactly. We will attend first, 
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then, to the proper method of drawing this curve^ and of 
ap|)lying it to any diagram* 



162 



THE BI0HABD6 STBAM-BKOINE INDICATOB. 



The preceding figure, No. 38, has been drawn to iUnstnte 
the application of this curve to the ezpaneion of steam. The 
preesnre represented by the height of the paraUelpgram is 
100 lbs. on t}ie sqnare inch, and its length represents . the 
stroke of a piston, including the waste room, divided into' 
24 equal parts. The base represents the absolute vacuum, 
and the right-hand boundary the commencement pf the 
stroke. 

The diagonal of a square, drawn from ike point of inter- 
section of these lines, is the axis of every hyperbola that can 
be defcribed, representing expansion, according to the law of 
the gases, from any point of the strokci and from any pressure 
whatever. 

Curves are described representing this expansion from ^even 
different points of cut-off. The figures at the terminations 
of the curves give the terminal pressux^eis, and those at the 
commencement give the mean pressures during the stroke, as 
follows : — 
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The theoretical possibility of gain by expansion is thus illus- 
trated. The various practical limitations, and the degrees in 
which these may be avoided, have been already considered. 
With respect to the principal cause of loss, namely, the con- 
densation of the entering steam, the means are now well under- 
stood by which this may not only be entirely prevented, but 
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may be, and is, changed into a gain by the superheating of the 
steam duriDg the expansion. 

It is interesting to observe thronghont this diagram, the gain 
thnt is realised by expanding from higher pressures. In every 
case, all the work shown above any abscissa is dear gai?i from 
the higher pressure. For example, as will be seen, 100 IbB. 




cut off it ^fths shows a large gain over 60 lbs. cut off at ifths, 
and again, though not so large, over 75 lbs. cut off at ^ths o^ 
the stroke ; 100 lbs. cut off at ^th gives, fro|n the same steam 
consumed, very nearly twice the power that is given by 20 lbs. 
cut off at sV^hs of the stroke. Column (e) of the preceding 
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Table gives the powers represented by the areas indudei 
between the expansion carves and the abscisses drawn to their 
points of termination. 




To apply the hyperbola to a ^w^ram.^Draw the line of absolute 
vacnnm, and perpendicular to it the lixxe representing the 
addition made by the wast© room to the pistoD displacement, 
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•and from their point of inteTBection draw tHe diagonal of a 
feqtiare. This is the axis of the curve. It gives the proper 




oonoeption of the character of the curve, and ajds in its con- 
stmotion and verification, since corresponding portions on either 
side of it are alike. 
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The hyperbola maj be oommenoed at ttther end of theexpan- 
tiifa onrve. Diagram Na 21, page 108, illusiratea one Method, 
and diagram No. 26, iUnstratee the other. Generallj it will 




be fonnd the more acoarate way to oommenoe near the point of 
release. A point having been selected, divide the length of the 
diagram up to this point, including the waste room, into any 
convenient number of equal parts, the more numerous the better. 
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Multiply the presjore at the point seleoted into the number of 
parts, and the product will be the pressure, aooording to the law 
of the gases, at the end of the first of these parts, supposing.it to 
be carried so high ; and the pressure at the end of any part is 
found by dividing the pressi;re at the end of part one by the 
number of parts up to such point. 

One of the above pair of diagrams, No. 40, from a Corliss 
engine, has been divided to illustrate this method. At the end 
of the thirteenth division the pressure* is 9 lbs., so at the end of 
the first division it would be 117 lbs. ; at the end of the second 
one, 58^ lbs. ; at the end of the fourth, 29^ lbs. ; at the end of 
the sixth, 19^^ lbs., and so on« . The method is extremely simple^ 
only care must be taken that ordinates, and not diagonal lines, 
are measured. Above the axis the points of intersection of the 
ordinates with the curve, become separated too &r for accuracy, 
as seen in diagram No. 22, page 105. It is then better to sub- 
stitute the abscisses as shown in No. 40. These are numbered 
to correspond with thd ordinates, and then the lengths are 
transferred from the latter. The curve passing through these 
points is the hyperbolic curve. 

It is evident that, without making application of the hyper- 
bola to an expansion curve, we can know nothing at all about 
it ; but that as soon as this has been done its features all stand 
revealed, and the causes by which these have been produced are 
either at once suggested, or we are put on inquiry to discover 
them. Diagram No. 40, for example, shows condensation con- 
tinuing after the steam had been cut off, and passing slowly into 
re-evaporaiion. The commencement and progress of the latter 
action is seen in the expansion-curve ceasing to depart from, 
and then approaching, and finally crossing, the hyperbola. 
The loss thus shown here, however, is not nearly so great as in 
diagram No. 22, taken when the steam was cut' off still earlier. 

It is certain that this application has not heretofore been 
made on one diagram in ten thousand ; indeed it is very rarely 
that the waste rooin in a cylinder is known, even by the 
designer or the builder of the engine, so that the curve can be 
drawn. It is to be hoped that its importance will come to be 
more generally understood. 

The preceding diagrams, Nos. 25 and 26, were taken from the 
engines of two gun-boats of the American Navy, the Winooski 
and the Algonquin, during the civil war, on a trial of rival 
systems, wUch at the time attracted a good deal of attention. 
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The former were designed by Mr. Iflherwood, then Engineer-in- 
chief of the Navy, and the latter by a Mr. Dickerson, to demon- 
•trate the anperiority of the system of high pressnre and ex- 
pansion. The dotted onrres show the correct expansion. 

The tmth fonnd a bad adYocate. The diagrams show that 
the admission and the cat-ofT engrobsed the attention of the de- 
signer of the ktter engines to the exclusion of everjrthing else. 
Theise were perfect, bnt the release was abenrdly early and slow* 
and the vacnum ayeraged only 9 lbs. The necessity, not only 
of keeping the cylinder hot, bnt even of preventing water from 
coming over from the boiler, Keems never to have been thonght 
of. The cylinders were of abont equal size, the mean pressares 
nearly alike, and the terminal pressure, which in the Algonquin 
should not have been one half that in the FFtnoodh*, was nearly 
the same in each. The release and the vacuum in -the ^ latter 
were simply magnificent. The cause of high pressure and 
early cut-off met with overwhelming discomfiture, these being 
traxisformed into means of loss instead of gain. If, however, 
the diagram measured at the termination of the expansion curve 
showed the quantity of heat used, the Algonquin^ in spite of its 
enormous re-evaporation, should still have done a very little 
the better. This was, however, only an indication of the fsir 
greater re-evaporation which took place during the return 
stroke. The explanation of its failure is found in this. The. 
boilers were very smalL When boilers are disposed to prime, 
the pulsations of the steam produced by cutting off early cause 
this action to go on in an excessive degree. This accounts at 
the same time for the great quantity of feed-water that had to 
be supplied to the boilers of the Algmiquin, the almost incon- 
ceivable rise of the expansion curves, the very poor vacuum, the 
condenser being filled with hot water, and the excessive quantity 
of coal consumed. No condensation and re-evaporation of dry 
•or tolerably dry steam, at the speed at which these engines were 
nm, would begin to account for any of them. In the diagram 
No. 26 two things ate to be noted — first, re-evaporation com- 
menced as soon as the steam had been cut off, which seems 
never to be the case unless a great deal of water is brous^ht 
over ; and second, the re-evaporation was much greater in that 
end of the cylinder in which the steam was cut off earliest It 
might naturally be supposed that the one-idea people would 
have learned a lesson from this trial — that if economy is to be 
assured, a good many other things need to be attended to besides 
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cutting off early and sharp ; but they do not appear to have 
done 80. 




We can now understand also why diagrams like No. 27, 
although very pretty to look at, are very wasteful to produce. 
We see here, even without drawing the theoretical curve, th« 

M 
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oondensation oontinuing during the early part of the expausion, 
and the large amount of re-evaporation that followed it ; the 
terminal pressure, though below the atmosphere, being about 
twice what it ought to be. 




It is to be observed, that the expansion should in this case 
fall just a^ low as though the engine were a condensing en&^^ > 
since, in either case alike, this is the enlargement of vol^i^^® ^^ 
the steam in a closed cj-linder. 
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It is not likely that large and costly engines will be made 
mncb longer, to make such diagrams as these, developing very 
little power, under the delusion that all this is necessary for 
economy. 

The practical limitations to the benefit to be derived from 
expansion are coming to be understood ; and economy will be 
more successfully sought in moderate degrees of expansion, with 
proper regard also to other conditions on which it is dependent. 

To expand steam properly, it is doubtless necessary that it 
should be cut off with reasonable quickness — ^that the pressure 
should fall very little during the closing of the port. Diagram 
No. 16, page 163, for example, shows a fair compliance with 
this requirement — quite sufficient for all practical advantage. 
Sharper cut-off than this is pretty, but the gain from it is not 
appreciable. On the other hand, the excessive wire-drawing 
shown, for example, in No. 1, page 12, in No. 18, opposite, and in 
No. 23, page 110, is largely destructive of gain by expansion. 
The expansion never properly begins till the port is closed ; as 
for example, at the dots in No. 16. On diagram No. 1 an ex- 
pansion curve has been drawn to show how one-half of the 
steam, cut off at three-eighths of the stroke, would have done 
three-quarters of the work. 

Compound cylinder-engines. — The consideration of the subject 
of expansion would be quite incomplete without a reference to 
compound engines. The Wolfe system has had a remarkable 
career. It was originally introduced when very low pressures 
were employed, and expansion was little known, and that which 
was used was what could be obtained by adding lap to the valve. 
With it was commenced the working of steam at higher 
pressures. Of course it showed a large economy. About the 
year 1860 it was applied, by the late Mr. Humphreys, on the 
ships of the Peninsular and Oriental line, in connection with 
superheating, the steam-jacket and surface condensation, and 
for a considerable time was regarded as the principal element 
of an economy before unknown in marine engineering. Its 
apparent success led to its revival on stationary engines, 
especially in Lancashire and Yorkshire. Six or seven years 
more saw the manufacture of compound engines pretty much 
abandoned, both for sea and land purposes. Now it again 
ohallenges criticism, its use having within the past six years 
become nearly universal in ocean steamers, which are run with 
a degree of economy which, though very unequal, sometimes 

M 2 



172 THE RICHARDS STEAM-ENQINE INDICATOR. 

reaches to that which first in the Modtan astonished the 
engineering world. 

It is to be observed that oo ii pounding is never tried by itself, 
so as to stand or fall on its own merits; but is always asso- 
ciated with some great and nnqnestioned economic improve- 
ment. This time, singularly repeating its first intrudnction, it 
has been revived in connection with perhaps the most marked 
advance ever made in marine engineering ; namely, raising the 
steam-pressure, almost at one jump, from about 20 lbs. to from 
60 lbs. to 75 lbs. on the square inch above the atmosphere. Liess 
attention seems to have been paid to the increase of pressure as 
an element of economy than it deserves. Our previous exami- 
nation of the subject has shown its great value in this respect. 

This is only the application of the system of Mr. McNaught, 
by which, years ago, he so admirably pieced out the power of 
the old cotton-mill engines, providing a higher pressure of 
steam, and also a cylinder to work it in before it should enter 
the old cylinder at the old pressure. The fact is, the McNaught 
idea — a happy makeshift, planned to furnish the increased power 
required by the enlargement of the cottim-mills, and at the 
same time utilise their old enormous and feeble beam-engines, 
and avoid putting any additional strain on their beam centres 
— ^proving a marked success, took complete possession of the 
Scotch engineers ; so that to this day the two ideas, of a high 
pressure of steam and two cylinders to work it in, are in- 
separably associated in their minds ; and the American marine 
engiiieerci only copy the Scotch, and so are innooent of any idea 
at all on the subject. 

Compounding is merely a method of prolonging the expan- 
sion — ^that is all. It is claimed to be of value, also, as a means 
of equalising the pressure on the crank during its revolution. 
The questions of the distribution of rotative force through the 
revolution, and of relieving the crank from the impact of the 
steam on the centres, have, however, to be newly examined, in 
the light of the demonstrations presented in Fart Fifth of this 
Treatise. At present we confine ourselves to a consideration of 
the economv of the compound system. 

The question presented is: Supposing the same pressure, 
superheating, steam-jacket, and other recognised means of 
economy, to be employed in both cases, which plan is moze 
Economical — ^to expand to the same point in one cylinder, or in 
two ? The above reference will explain why, so far as relates 
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to ocean navigation, the question has not been settled experi- 
mentally, and why, when the importance has been felt of 
getting rid of the intermediate chamber, and having an equal 
force applied to each crank, engineers have even made four 
cylinders, setting a little one on top of each big one, rather 
than complete each expansion in a single cylinder. 

The diagram, however, helps us to answer this question. 
Let us look first at the diagrams from the steamship Egypi^ 
pp. 96, 97. We observe the only partial admission of liie 
steam-pressure — 6 lbs. short at one end, and 10 lbs. at the 
other — the fall of the steam-line, the late cut-off, nearly at the 
half-stroke, the short expansion and early release in the small 
cylinder, and in the large one the poor vacuum — all features 
prejudicial to economy, but none of them pertinent to the 
present discussion. 

In order that the expansion which is begun in the small 
cylinder shall be continued without interruption in the large 
one, two things are required. The first is, that the forward 
pressure in the latter cylinder shall be equal to , the back 
pressure in the former one. This depends entirely on the area 
of the communication. No matter how much of its pressure 
may be lost by the steam in passing from the high-pressure to 
the low-pressure cylinder^ or from what cause; if it is not 
throttled between them, there will be an equilibrium of pressure 
on the two pistons. 

The second requirement is, that there be no fall of pressure 
between the two cylinders. But this is impossible, says the 
compound engineer, and you cannot require what is impossible ! 
The amount of this fall is what is mainly to determine whether 
or not we shall condemn the system: continuous expansion 
requires that there be no such break at all. In this case the 
capacities of the two cylinders are to each other as 1 to 3*5* 

The dotted lines on these diagrams show the pressures that 
would be exerted if the above requirements could be complied 
with. We observe that there was a fall of pressure between the 
two cylinders of from 9 lbs. to 9j^ lbs. Let us .consider for a 
moment what this is. It is a sudden loss of 30 per cent, of the 
force of the steam, in the very middle, or rather in the earlier 

* It would be a good practice always to indicate the cyliDders of com- 
pound engines on scales differing inversely as their capacities, as, for example,' 
in this case 35 and 10 lbs. to the inch, when the diagrams would represeDt 
the respeciiye powers exerted in each cylinder. . 
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pari) of the expanaion* This great fault — to use a geological ex- 
presBion — ^in the expreasion ourve, ib found in all diagrams from 
oompoond engines, and this example ia believed to ehow a £ur 
average of its amount in marine engines. 

But now we find a remarkable feature presented. The mean 
back pressure in the high*preesure cylinder is 9 lbs. higher than 
it ought to be from a terminal pressure 9 lbs. higher, occasion- 
ing a loss of 875 horse-powers in this cylinder. In the low- 
pressure cylinder, although the steam is cut off at the half- 
stroke, the pressure falls before the release but little, if any, 
below that to which it should fall by continuous expansion 
from the initial pressure 9 lbs., or 40 per cent, higher, and rises 
so high before it is cut off as to make up nearly one-fourth of 
the loss above noted in the high-pressure cylinder. 

This is the measure of the re-evaporation in the intermediate 
chamber, and in the low-pressure cylinder, produced by the 
heat imparted from the jacket. We see this begun in the high* 
pressure cylinder, the curves AB representing the correct 
expansion. This, besides the direct loss of 10 to 12 per cent, on 
the power of 2800 horse exerted by these engines, shows a great 
waste of heat ; for, in order that re-evaporation may take place, 
there must first have been at least an equal condensation. 
This feature will be found commonly shown in diagrams from 
compound engines. 

In diagrams Nos. 35 and 35a, pp. 144 and 145, the expansion 
is shown carried to a pretty low point in the first cylinder. 
The continuation of it in the second cylinder exhibits a large 
re-evaporation, preceded by a fall of pressure of 3 lbs. at one 
end, and 5 lbs. at the other. It is curious to observe, that the 
lesser fall of pressure takes place in passing from that end of 
the first cylinder in which the re-evapcration had been much 
the greater. We see this greater re-evaporation continued 
thus while the pistons are moving slowly near the dead points 
of the crank, and then through the expansion in the low- 
pressure cylinder. 

These very different illustrations show the chief use of the 
second cylinder to consist in re-evaporating, by means of the 
jacket, water that ought never to have been formed. 

Undoubtedly, the compound-cylinder engines show, on the 
average, a good degree of economy ; and undoubtedly, too, it is 
expanding from a good pressure and to a low point, with the 
use of the steam-jacket and superheating, to which, in spite of 
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the loss involved in the use of two C} linders, it is all due ; and 
the same expansion in independent cylinders, under the same 
conditions, will show a consideri^ly better result. Take, for 
example, diagram No. 12, page 78, in which a total pressure of 
35 lbs. is expanded down to a little le^s than 7 lbs. Suppose a 
total pressure of 85 lbs. to be out off proportionately earlier, so 
that the added 50 lbs. is represented by an addition above the 
present diagram, as has been already explained ; and suppose 
the cylinder to be warmed by the steam-ja(;ket and the steam to 
be superheated, so that not only does the entering steam suffer 
no condensation, but its expansive force is increased during the 
expansion, as is the case in engines in which compounding is 
successful; then, a smaller cylinder being used on account of 
the addition to the mean pressure, and there being no fault 
in the expansion curve, who can doubt that a better economy 
would be attained than by compounding with all its com- 
plications ? 

It is often remarked, "But when you cut off so very early 
you must have a larger cylinder." The contrary is. the fact, and 
that in an enormons degree, as may be seen in an instant. 
Take the second curve in diagram No. 38, page 161. Let one 
twenty-fourth of the parallelogram represent the waste room, 
then the curve would represent 85 lbs. pressure above the 
atmosphere, cut off at about one-twelfth of the stroke. Now it 
has until recently been a common practice in marine engines to 
out off 20 lbs. above the atmosphere at about one-third of the 
stroke. If the reader will look along the abscissa numbered 
20, he will see it strike this expansion curve at about this . 
point of the stroke, previous to which time all the work 
represented by the area above it has been done by the higher 
pressure ; and on measurement, omitting the waste room, and 
allowing 21^ lbs. back pressure, this will be found to add 50 per 
cent, to the work done, the addition being one-third of the 
whole. It will be observed that elevation of the pressure adds 
power at one end of the stroke, precisely as prolongation of the 
expansion adds power at the other end. But the size of 
cylinders will be still farther reduced, and the economy im- 
proved still more, by carrying this pressure to a later point of 
cut-off, — to one-eighth or onensixth of the stroke. 

It is claimed that the use of two cylinders avoids the exposure 
of the same surface to the extremes of temperature on the op» 
posite strokes. But these extremes of temperature are avoided 
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only in a slight degree, sometimes scarcely appreciable, as seen in 
diagram 35, while the extent of surfaoe to 'which the same steam 
is exposed is greatly increated. It is not exposure to cooler 
steam but to cooler water that is to be dreaded. But nothing is 
thought even of immersing the high-pressure cylinder in a 
bath 100^ cooler than the entering steam, if only this can be ^ 
worked through two cylinders. The improved economy shown 
by compound marine engines is by comparison with the 
engines previously used in similar service, which were un- 
jaoketed, and in which steam of low pressure was worked, and 
the economy is not always better than it was in those. 

Compounding has just won a great victory in America. A 
compound«oylinder engine, hoik eyUiiden jacketed^ has beaten 
singld-cylinder engines, unjaekeUdf evaporating so little as 
18 lbs. of water per horse-power per hour ; and the details of 
the triumph are in all the papers. 

lY. Thb Exuaust Line and Link of CouNTBR-PRBssnBe. 

These two lines may properly be considered together. The 
problem is, first, to employ the fall expansive force of the 
steam as nearly as practicable to the end of the stroke, and then 
immediately to discharge, as far as possible, the pressure that 
will hinder the return of the piston. So far as the mechanism 
of the engine is concerned, this is effetced, first, by opening an 
exhaust-port of sufficient area, and opening it very rapidly ; 
and, secondly, by providing a passage to the atmosphere, or to 
the condenser, mi^ch larger than the area of the port, so that 
the steam, after having passed the latter point, shall meet no 
obstruction at all. In a non-condensing engine nothing further 
than this is required. In a condensing engine the degree in . 
which the back pressure can be removed depends, of course, 
upon the tenuity of the artificial atmosphere maintained in the 
condenser. 

The diagrams here presented exhibit a variety of these lines, 
both in condensing and in non-condensing engines. Their 
careful study is recommended. Some present a remarkable 
conformity with theoretical requirements, and others show 
quite the reverse. There has undoubtedly been a great im- 
provement in engines generally in this respect within the 
twelve years since the introduction of this Indicator. The 
various faults, of opening the exhaust too early and too late. 
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too slow and too little, have received more attention, as their 
consequences have been more observed on the diagram. In 
this, as in every other particular, we can truly say, that, so far 
as respects the distribution of the steam, we know nothing 
about the proper construction of an engine, or of its require- 
ments, except what the Indicator has told us. 

V. The Compression Line. 

This line, when it exists, is formed by the closing of the 
exhaust-port at some point before the termination of the return 
stroke, when the advancing piston compresses the confined steam 
to a greater density. For the proper reading of this line, also, 
» knowledge of the extent of the waste room is indispensable. 
We have here piston motion converted into heat, the equivalent 
of the motion arrested, so far as this is done by the resistance of 
the steam. The heat thus supplied is mostly required by the 
rise of pressure of the steam. The total heat of one pound of 
steam must, for example, be increased in raising its pressure 
from 15 lbs. on the square inch to 30 lbs. 11 *35 thermal units ; 
to 45 lbs. 18*7 thermal units; and to 60 lbs. 24*26 thermal 
units. 

The capacity of the remainder of the piston displacement and 
the waste room gives the volume of steam at the point of closing 
the port; and, its pressure being known, its weight is found 
by ^e Table. The force with which the piston compresses 
the steam, or the work — ^motion against resistanoe^lost by 
the piston, and imparted as heat to the steam, is shown on the 
diagram. 

For example, in diagram No. 21, page 103, we have thus 
confined, as already ascertained (page 104), * 01482 of a pound 
of steam. Its pressure was raised by the compression from 
16 lbs. to 45 lbs. on the square inch. The quantity of heat 
required to be imparted to it was 17*7 x '01482 s: '262 of a 
thermal unit. 

The work done in compressing this steam was a mean of 
15 X 200 = 3000 lbs. through nearly 1 inch, say 230 foot- 
pounds. This is the energy that there ceased, and appeared as 
*3 of a unit of heat. 

We may say, then, generally, that the piston, in losing its 
motion, supplies to the steam compressed the heat required by 
its increase of density, ancP something more. The compression 
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curvo should therefore, if none of the heat were lost by the 
steam, rise somewhat more rapidly than the curve of relative 
volumes, which itself rises more rapidly than the Mariotte 
curve. {See diagram 34, page 131.) 

It is observed in practice that the more frequent the strokes 
of the piston, and the drier the steam, the higher the compres- 
sion curve rises. Often, after a rapid rise for a certain distance, 
a short curve in the horizontal direction marks the limit 
of density to which the steam could be compressed ; because the 
water present absorbed the heat above a certain temperatare, 
which was supplied by the arrest of the piston. Sometimes, 
owing to the rapid abstraction of heat from the steam, this 
curve turns downward, or there is a fall of pressure directly 
on the centre, if the admission is a trifle late. 

Diagram No. 1, page 12, shows a rise of the compressson line, 
from the low pressure of 2 * 5 lbs., which is much too rapid to be 
accounted for, except by a considerable leakage of steam from 
the chest, especially at the slow motion of the piston, making 
only fifteen double strokes per minute. 

The link motion, when operating a single valve, varies the 
compression, as also the release, with every change of the point 
of cut-off. The excessive compression which the link motion 
effects when cutting off early, is one of its most valuable 
features, although an incidental one. It reduces the power 
exerted at both ends of the stroke, saves the steam contained in 
the waste room, and gives to the locomotive its smoothness of 
running, while its reciprocating parts are kept as light as 
possible. Diagram No. 19, in the Appendix, exhibits this action 
very well. 

It would occupy too much space to enter upon a more detailed 
investigation of this interesting curve. Sufficient has been 
said to merely indicate the method of its proper analysis, 
which in many cases will be found to be full of interest and 
instruction. 
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SECTION III. 

OP THE LOSS ATTENDING THE EMPLOYMENT OF 
SLOW-PISTON SPEED, AND THE EXTENT TO 
WHICH THIS IS SHOWN BY THE INDICATOR. 

In the year 1860 a Board of Engineers, of whicli Mr. Isherwood 
was at the head, was appointed by the United States Navy 
Department to conduct a series of experiments, ** for the purpose 
of determining the relative economy of nsing steam with 
different measures of expansion*" These experiments were 
conducted with one of the engines of the U.S. paddle-wheel 
steamer Michigan^ on Lake Erie. 

The cylinder of this engine was 3 feet in diameter by 8 feet 
stroke. It was entirely unjacketed ; but, as well as the boilers 
and steam-pipe» was protected against loss of heat externally. 
The waste room at one end of the cylinder added * 058 to the 
piston displacement. The temperature of the steam was not 
taken ; but it must have been superheated in some degree, 
since it was first conducted into a large chamber above the 
boilers, but separate from them, through which passed the 
uptake from the furnaces. 

The experiments revealed a loss by condensation of the steam 
on entering the cylinder, which increased as the steam was cut 
off earlier, and which is characterised in the Beport as **the 
great antagonistic cause, that neutralises and reverses the 
economy promised by the theory of expansion." 

The following figures, taken from this Beport, give tiie data 
pertinent to the present discussion : — 

Points In the Stroke at which the Steam was cut off. 





a 


A 


* 


A 


i 


i 


A 


No. of revolutioDB made 
per minute .. ... 

Pounds of water evapo- 
lated per hour, for 
each indioated horse- 
power exerted .. .. 

Percentage of feed- 
water not accounted 
for by the Indicator 


20-6 
39*94 

10-71 


15-56 
34-8 

15-34 


17-28 
33 08 

27-18 


18-69 
35-2 

41-66 


13-87 
34-47 

39-6 


11-17 
37-04 

42-11 


14- 1 
46-08 

45-1 
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The following pair of diagrams. No. 50, are copies of those 
given in the official report of this trial, as taken when cutting 
off at the earliest point, or ^ths of the stroke, with the lines 




added representing the commencemezxt of th -•^aste room and 
the absolute vacuum, and the curve of ^ 'c>^^ a^ccoiding to 

the law of Mariotte. The latter is desio^^A^^^^ each diagram 
by the letters A B. ^^ated ox^ 
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On comparing the actual expansion curve i^ith this, we 
obserre that the condensation of the entering steam did not 
cease when. the flow of steam into the cylinder ceased, but 
continued after this bad been cut off, and until the pressure had, 
by expansion, fallen below the atmosphere. The curve then 
begins to approach, and soon crosses the theoretical line, 
showing condensation passing gradually into re-evaporation. 
The cylinder was so cool, that, although the boiling point fell 
to about 160°, only a small portion of the steam condensed was 
re-evaporated during the stroke ; but 45 per cent of the watei* 
evaporated by the boilelrs existed in the state of water at its 
termination. 

The presumption was pretty strong, that the enormous loss 
shown was in a large degree due to the slow speed of piston 
employed, and, in the light that has recently been thrown on 
the subject, this is now clearly seen to be the case. 

A system of pumping machinery has been erected for the City 
of Providence, It.I., consisting of five bteam-cylinders of 20 
inches diameter and 36 inches stroke, and five water-cylinders 
of 12 inches diameter and 36 inches stroke, horizontal and 
double-acting. The steam-cylinders are of the Corliss pattern. 
The pressure carried is 60 lbs., and the hteam is believed to be 
superheated 50^ or more, as it is made in a vertical boiler, the 
tubes of which pass for 3 feet through the steam space, and 
this degree of superheat has been found in similar boilers 
elsewhere. I'he point of cut-off is fixed, and the pressure 
is reduced by throttling in the pipe. These engines are run at 
very slow speeds. As in the case of the Michigan the cylinders 
were unjacketed, but the external protection was complete. 

The following five diagrams. Nob. 61 to 56, were taken by the 
writer from these steam-cylinders, at the speeds respectively of 
1, 6, 10, 15, and 20 revolutions per minute. The cylinders 
were all indicated at each end, and diagrams similar to these 
were everywhere obtained. To these diagrams also have been 
added the linen representing the commencement of the waste 
room and the absolute vacuum, and the theoretical expansion 
curve, which, as in the preceding diagram, is designated by the 
letters A B. 

In considering this series of diagrams, one hardly know^ 
whether to be most astonished at the amount of re-evaporatimfi 
shown at one revolution per minute, or at the extent to which 
. condensation continues after the cut-off, and re-evaporation btill 
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appears, at 20 revolntions. Will a similar analysis of diagrams 
from unjaoketed cylinders generally, of engines making this 
number of revolutions per minute, show the same indication ? 




It will not, for the following reasons: These cylinders were 
small, and the stroke was short. As the diameter of a cylinder 
is increased, the condensing surface presented by its walls 
increases directly as the diameter, but the area, and oouse- 
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qiieutly the volume of steam, increases as the square of the 
diameter. The condensing surface presented by the cylinder 
head and piston increases, however, as the square of the diameter, 
but again the volume of steam cut off at a given proportion of 




the stroke increases directly as the length of the stroke. So the 
loss occasioned in this manner diminishes as the diameter and 
the stroke are increased. At the short stroke of these engines 
the mean piston speed at 20 revolutions is only 120 feet per 
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minute. Again, in anjaoketed cylinders, in which the piston 
makes so few strokes per minnte, the steam generally folio w>i 
mnch farther than it does in these. 

Abundant reason is seen, in the smaller diameters and shorter 




stroke, why the loss in this case should be more aggravated 
than in the case of the Michigan. 

It has been stated that the point of ciit-oflF was fixed. This 
statement must be modified. The point of liberation was 
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fixed, and was identical in all the cases ; but as its speed was 
increased, the piston moved farther while the port was being 




closed, and so the point of cut-oiF became continuaJJj Jater, as 
shown. 

These engines had, a few months previously, been tested by 
a commission appointed by the parties, and the Eeport of their 

N 
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trials is published, but witbont any diagwn^a* "Prom tbis 
Report it appesrs that the duty of these eiigw^^H> 'when mabing 
•866 of a revolution per minute, was 8,4BT^^70 foot-pouuda 




with the consumption of 100 lbs. of coal (not 1 cwt.), Ittid that 
when making 10*167 revolutions per minute it was 25,865,740 
foot-pounds, with the consumption of 100 lbs. of coal. 

At its usual speed, of about 50 revolutions per minute, with 
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5 feet to 7 feet stroke, giving a piston travel of from 500 to 
700 feet per minute, this type of engine, nnjacketed, has been 
regarded as qnite economical ; but at the above speeds the same 
engine, in perfect condition, and with the employment of all the 
mechanical means so mnch relied on to. produce economy, gives 
at • 866 of a revolution per minute only one-twelfth of the duty 
attained in the best pumping-engines, which duty is increased 
threefold, or to one quarter of the best duty, by the mer^ 
increase of its speed to 10* 167 revolutions per minute. 



k3 
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SECTION IV. 

OP OTHEB APPLICATIONS OF THE INDICATOR 

Although the principal use of the Indicator is to exhibit the 
behayiour of the steam in the cylinder of an engine, still this is 
by no means the only purpose to which it can be adyantageonnly 
applied. Indeed so &r is it from being liaiited to this use, that 
it affords the sole means of exhibiting and recording the changes 
of pressure which take place in any chamber in which an elastic 
or an inelastic fluid is confined. We will here briefly mention 
a few places where the Indicator ought to be regularly applied, 
and where it certainly will be applied by any one who shall 
ever add anything to his own knowledge, or tiiat of others, on 
these subjects. These applications are mostly in connection 
with its use on the cylinder. Other uses of the instrument 
besides those here mentioned will present themselves in various 
branches of engineering. 

Oft the Boiler. — The action of engines working steam expan- 
sively produces pulsations in the boiler, sometimes of a violent 
character. These can be exhibited only by the application of 
the Indicator. The difficulty of communicating the motion of 
the piston correctly to an instmment set on the boiler may, in 
most cases, be obviated by employing for this purpose a brasis 
wire, as already recommended for general use. (Sea page 37.) 
These pulsations, the character and degree of which vary with 
the cii-cumstances of each particular case, tend, sometimes very 
htrongly, to increase the tendency of a boiler to prime, and 
sometimes, without doubt, they produce injuri-us or even 
destructive effects on the boiler itself. Very little is known 
about them ; it seems certainly desirable that they should be 
better understood. 

On the Steam-^hest. — This application of the Indicator is of 
the first importance, in all cases in which the pressure realised 
in the cylinder is materially less than that existing in the 
boiler, or when it falls in the cylinder during the advance of 
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tbe piston, before the closing of the port. In such cases it i» 
usual to jump to the conclusion that the port is too si]iall, or th^ 
valve-travel is insufficient, when, for all that anybody knotOSy it 
iuay be that the fault lies wholly in the steam connections, and 
that no pressure materially greater than that shown in the 
cylinder existed at the same instants in the chest. Of course a 
flow of steam cannot, even under the most favourable conditions, 
be had without some difference of pressure ; but the connection 
with the boiler ought to be sufficiently large to maintain in the 
chest, during all the while the port is open, a pressure 
approaching, certainly within one or two pounds, that existing 
in the boiler. The importance of an area of communication 
between the boiler and steam-chest, sufficient to prevent a fall 
of pressure in the latter while the steam is following the piston, 
is something that purchasers of engines sometimes foil properly 
to appreciate. We remember once advising a 6-inch steam-pipe. 
The party had a quantity of 4-inch pipe, which he had been 
intending to use. He listened, probably with some impatience, 
to our exposition of the subject, illustrated by imaginary dia- 
grams trttced on the wall, till, just as we thought we had 
brought conviction to his mind, he abruptly closeil the inter- 
view with the exclamation : " Well, I wouLl like to know where 
the economy of your engine is, if you want more steam than a 
4-inch pipe can carry I " 

Sometimes, on account of distance or unavoidable angles, it 
becomes difficult to maintain the pressure properly in the chest, 
without making the pipe of an objectionable size. In some 
cases of engines working at a high grade of expansion this 
difficulty has been met by making the pipe, for a short distance 
from the engine, large enough to serve also as a steam-reservoir, 
when the remainder may be made comparatively small; and 
through this the flow of steam, instead of being arrested by the 
olcsing of the port, goes on continuonsly,and at a rate approxi- 
mately uniform. Of course nothing can be hnaum as to the 
sufficiency or insufficiency of port opening, when a loss of 
pressure is shown on diagrams from the cylinder, unless one 
knows the pressure in the chest at each instant during the 
stroke. 

The four following diagrams, drawn to the same scale, illus- 
trate the action of the steam in the chest. The point of cut-off 
is marked on each by the letter c. In diagrams A and B a 
singular phenomenon is presented. Whdn the current of steam 
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was arreflted by the dosing of the port, the preesore rose to m 
point above that in the boiler, and waa maintained there in 
each oaee during about the same interraL The real boiler 
pressure is shown just previous to the opening of the ports. 



;< 




The entire action, as more fully shown in diagram A, is some- 
what curious. The steam in the pipe refused to be put in 
motion instahtly at a sufBdent velocity to maintain the pressure, 
ev49n though the motion of the piston was as yet scarcely 
Bensible ; it then flowed with such an augmenting velocity that 
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notwithstanding the increasing speed of the piston, the loss of 
pressure at the commencement of each stroke was nearly regained 
while the port remained open, when the momentum of the 
moving current had become so great that, after the closing of 
the port, a pressure considerably above that in the boiler had 
to be exerted in the chest, in order to arrest it. These two 
diagrams were taken from the ** Alien" engine in the Paris 
Exposition, making 200 revolutions per minute, and connected 
by a short branch-pipe with the steam main. The rise of 
pressure in the chest above the boiler pressure, after the closing 
of the port, might be supposed to be a common occurrence, but 
it does not seem to be so. The writer has never observed it 
when the connection with the boiler was of uniform area. 
Diagram C represents the loss of pressure caused by an in- 

No. 43. 




sufficiency of area in the steam-pipe. This diagram differs 
from the preceding ones in almost every respect. The loss of 
pressure was much greater, was much more nearly instantaneous 
at the commencement of the stroke, and increased as the piston- 
advanced. After the closing of the port the pressure rose only 
tr^ that in the boiler, at which point it remained steady during 
the remainder of the stroke. 

Diagram D shows the behaviour of the steam in this chesty 
at the same speed of the piston, after an enlarged section of pipe 
had been introduced next to the engine, to serve as a reservoir 
of steam, as above recommended. 

On the Exhaust-chamber. When a back pressure exists in the 
cylinder, the question to whatf it is due can only be determined 
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by applying the Indicator to the exhaust-chamber or passagp. 
Then it will at once appear where the fault lies. If the same 
back pressure appears there, the fault is in the outlet ; if, on the 
contrary, none should appear, then we can affirm certainly that 
the port opened for release is too small. Generally both oon- 
tribute to the result. The Indicator should, for lliis test, be 
plaoed as near to the vaWe as possible. Elbows in exhaust- 
pipes will be found to be efficient causes of back pressure. The 
exact loss occasioned by a bend in the pipe can be shown by 
taking a diagram of pressure from each side of it. 

On the Candenser. — ^In non-condensing engines the atmospheric 
line gives us the point from which to measure the avoidable 
back pressure on the piston, but in condensing engines we 
must obtain it by means of the Indicator placed on the con- 
denser. The vacuum-gauge will, to be sure, enable us to 
measure the distance of this point from the atmosphere, if we 
are content to assume its correctness without proof; but the 
application of the Indicator will give us the line of pressure in 
the condenser, and that of the back pressure in the cylinder, on 
the Fame sheet, drawn by the same instrument, and the 
difference stands demonstrated. The quality of the gauge is 
also bhown at the same time. 

On the Air-Pump, — This application of the Indicator shows at 
once the nature of the performance of the air-pump, and the 
power required to operate it. There are air-pumps in use, the 
makers of which would probably alter their plans materially 
before constructing another one, if they knew what this ^ilent 
servant stands ready to tell them. 

On Pumps of every description, — The relation between the 
pressure in the pump-chamber and the velocity of the flow, as 
affected by a variety of causes, and that between this pressure 
and the power required to produce it, and the variations of 
pressure, and consequently of motion of the fluid, and the 
violence of ihe concussion, technically known as *' the water- 
hammer" — all these the revelations of the Indicator show 
clearly. In fact, the instrument will often tell a great deal 
more than engineers want to know, or, at any rate, tb have 
others know, about their work. In these applications of the 
Indicator the correction for temperature, as directed on page 48, 
must iu>t be overlooked. 
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SECTION V. 

OF THE USB OF THE TABLES OF THE PROPERTIES 
OF STEAM IN CALCULATING THE DUTY OF 
BOILERS. 

To evaporate water of any given temperature into steam of any 
density^ it is necessary to impart to it the number of thermal 
units contained in steam for that pressure, as given in Table IV., 
less the number which were at first contained in the water. 

The duty of boilers is generally expressed by the number of 
pounds of water they will evaporate from a temperature of 212^, 
and under the atmospheric pressure, by the combustion of a 
pound of coal. In this case the temperature is not raised ; the 
water merely passes from the liquid into the gaseous state, and 
the heat required to be imparted is that of vaporisation only. 
The number of thermal units necessary to produce this change 
of state diminishes very considerably as the temperature in- 
creases, being at 32", 1091*7, at 212", 965*7, and at a pressure 
of 210 lbs. on the square inch, and temperature of 885*671% 
only 840*4. 

Under the atmospheric pressure the total number 

of thermal units contained in the steam is .. 1178*6 
Of which there are already contained in the water 212 * 9 



Leaving to be imparted .. .. ;^65*7 

The heat of combustion of one pound of carbon is 14 * 500 
thermal units, which will evaporate from 212" 15 lbs. of water. 
(14*500 4- 965 7 = 16.) 

In coals of good quality, as an average^ the percentage of 
hydrogen, whose heat of combustion is 4*28 times that of car- 
bon, will about compensate for the incombustible ingredients, 
so that a pound of good coal may be considered equivalent to a 
pound of carbon, and the above is its theoretical duty.* Four- 

* For a full exposition of this subject see Bankine't ' Manual of the Steam 
Engine.' The American anthracites contain no hydrogen. Their steam- 
generating power seems precisely proportioned to their per<5entage of carbon. 



194 THE BICUABUS 8TEAM-EMQINE INDICATOB. 

fifths of this duty, or the evapoiatioii of 12 Ibk of water by the 
oombustion of a pound of coal, ought to be realised in practioe. 

We are to inquire how, in ordinary practice, evaporating from 
different temperatures, and under different pressures, the 
equivalent of this theoretical duty is to be ascertained. The 
following is the rule : — 

The weigki of waier e9aporated bjf ike wmbuaikm of a paumd of 
eoal oortef invenelff a» the quaviHty of keai neeeseary io he imparied. 

Thus, to take an extreme case, let water at 32^ be evaporated 
under a pressure, counting from perfect vacuum, of 120 lbs. on 
the square inch. 

The number of thermal units contained in the 

steam is 1217*94 

Number at first contained in the water .. •• 32* 



Number necessary to be imparted .. 1185 * 94 

1185*94:965*7:: 12 : 9-77; which is, therefore, the equi- 
valent number of pounds of water evaporated by the combustion 
of a pound of coal under these conditions. 

In case of boilers whose duty is considerably less than the 
above, a gain can be effected by heating the feed-water up to 
the temperature existing in the boiler, by means of the waste 
heat in the gases ; when the higher the pressure the greater, 
instead of the less, will be the number of pounds evaporated by 
the combustion of a pound of coal. This is because the latent 
heat only has afterwards to be supplied, the amount of which 
diminishes as the pressure is increased. The plan is, however, 
a mere extension of the heating surface of the boiler ; but it has 
this advantage, that the heating surface of the apparatus is 
kept free from soot, while that of the boiler is not. In loco- 
motive and other non-condenKing engines, the temperature of 
the exhaust steam should be fully imparted to the feed-water, 
since, as we see from the Tables, in round numbers, each 9*5^ 
so imparted saves one per cent, of the fuel. 

The evaporative duty performed, in evaporating from feed- 
water of a given temperature into steam of any presnure, having 
been ascertained in the case of any boiler, the equivalent eva- 
poration from 212®, and under the atmospheric pressure, is found 
by reversing the proportion illustrated above. 

Example. — ^Let 9 lbs. of water be evaporated from a tempera-: 
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ture of 130° into steam of 100 lbs, pressure, by the combustion 
of a pound of coal« Then : 

The number of thermal units contained in the 

steam will be 1213*850 

Of which there were at first contained in the 

water 180-192 

Leaving to be imparted 1083*658 

^nd 965*7 : 1083*658 : : 9 : 10*1 ; which is, therefore, the equi- 
valent evaporation from 212^ under the pressure of the 
atmosphero. 



PART FIFTH. 



SECTION I. 
INTEODUCTORT. 

We have thus far oonRidered the action of steam in the cylinder 
of an engine, and the force exerted by it upon the piston, to pro- 
duce and to resist its motion, and the distribution of t^iese 
forces through the stroke, as the Indicator either reveals them 
to us or enables us to represent them. We have learned how, 
by means of this instrument, to measure these forces, to ascertain 
the quantity of steam consumed, and to demonstrate excellences 
and detect defects of principle or of construction ; in fine, to 
investigate the action of the steam, and the operation and effect 
of every part of the distributing mechanism, from the boiler to 
the condenser. 

Now another subject opens before us, one which is intimately 
connected with, and primarily dependent upon, the revelations 
of the Indicator, and the understanding of which will give 
completeness to our knowledge of the steam-engine as a prime 
mover, of which the Indicator itself imparts to us only the 
beginning. 

Usually in steam-engines the piston is caused to move forward 
and backward by the alternate preponderance of pressure on its 
opposite sides, for the purpose of producing rotary motion, 
through the medium of the connecting-rod and the crank ; and 
we pur|H)8e now to trace through ihese connections the force 
exerted by the steam in the cylinder, until we shall see it given 
off from the shaft. 

The subject naturally divides into two parts. 

We shall inquire, first, into the pressure exerted on the 
crank ; and, second, into the rotative effect which this pressure 
produces. 

The former we shall find to be the result of the combined 
action of the force of the steam and the inertia of those parts of 
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tbe engine through which this is transmitted. The latter we 
shall find to vary according to the angle with the line of centres 
at which the crank receives the presfture. 

Although, since we shall disregard the loss of power by 
friction the areas of all the diagrams of pressure, whether on the 
piston, or on the crank, or on whatever opposes the rotation of 
the shaft, will be identical, it will be interesting to observe how 
their /orma will differ, and how much farther away we shall get, 
at each step, from the figure described by the Indicator. 

This inquiry will not only be interesting in itself, extending 
considerably our previous knowledge of the subject, but it will 
also prove important in its immediate practical results, enabling 
us to. solvQ the problem how, in a single-cylinder engine, and 
without a large or heavy fly-wheel, to work steam of high 
pressure, and at a high grade of expansion, and still to main- 
tain the closest approach to uniform rotation. 
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SECTION 11. 

OF THB PBESSUBE ON THE CRANK WHEN THE 
CONNECTING.BOD IS CONCEIVED TO BE OP 
INFINITE LENGTH. 

Thb diagram repreaents the pranure of steam on the piston at 
each point of its stroke. It is commonly supposed that this 
is also a representation of the corresponding pressure on the 
crank. Such, howerer is not by any means the case. The 
parts of an engine whose office it is to transmit motion to the 
crank — ^namely, the piston and rod, cross-head, beakn and con- 
necting-rod, called collectively the transmitting parts, or the 
reciprocating parts, or parts haviug alternate moTements — 
receive first the force of the steam. Their own inertia must be 
overcome before any power can be communicated through them. 
This varies according to their weight-, and to the square of the 
velocity imparted to them in moving through a given distance ; 
so that to put them in motion may in one case require but little 
power, and in another it may, as we shall see, absorb the entire 
energy of the steam ; nay, this may even be insufficient, and 
often it is insufficient, for this purpose, and the living force of 
the fly-wheel is required, in aid of the steam-pressure, at the 
commencement of the stroke, to impart to them their motion. 

The acceleration of the motion of the reciprocating parts takes 
place during the first half of the stroke ; at the mid-stroke they 
have attained their full velocity ; during the latter half of the 
stroke they must impart their living force to the crank, the 
resistance of which brings them to rest 

To ascertain, therefore, the pressure exerted on the crank at 
each point in its semi-revolution, we must subtract from the 
Indicator diagram during the first half of the stroke, and add to 
it during the latter half, the force required to be exerted at each 
point, by the steam and the crank alternately, to overcome the 
inetria of these parts, — ^inertia being the disposition of matter to 
continue in the state, whether of rest or motion, in which it is. 
It is thus obvious that, especially in the case of swift-running 
engines, unless this action be understood, we can have no correct 
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idea of the manner in which the force of the steam is applied to 
the crank. 

In examining this subject the horizontal form of engine will 
be employed for illustration, as being better suited to the 
purpose than the beam-engine, because in it all the reciprocating 
parts have the same motion. It is, however, to be observed, 
that the action we arc to investigate is in all balanced vertical 
engines identical with that in horizontal engines, except only 
as it is diminished by the lesser velocity of the centres of oscil- 
lation of the beam. In unbalanced vertical engines, on the 
downnstroke the action of gravity reduces the force of the steam 
required to give to these parts Uieir motion, and increases the 
resistance of the crank required to arrest it, and on the up-stroke 
produces the contrary effect. With this modification^ the action 
Under discussion is the same also in engines of that class. 

We shall, in this section, disregard the effect of the angular 
vibration of the connecting-rod, and shall consider the motion of 
the piston as if it were the same at corresponding points in the 
opposite strokes. 

The reciprocating parts of a horizontal engine are four, 
namely, ihe piston, piston-rod, cross-head, and connecting-rod. 
These, taken together, are properly regarded as a projectile. 
We shall consider them as such, and also as moving without 
friction. At the commencement of a stroke our projectile is nt 
rest. At the middle of the stroke it has attained its greatest 
velocity, Which is equal to that of the extremity of the crank. 
This is mut^h greater than its mean velocity, being to the latter 

as - is to 1, or as 1 '5708 : 1. At the termination of the stroke 
A 

it is at rest again. 

Confininjg our attention, for the present, to the action whiich 
takes place during the first half of the stroke, we inquire : HbW 
is this velocity, which this mass attains at the middle of the 
Stroke, imparted to it? Two facts are before us : first, it does 
acquire this velocity; and second, it acquires it in moving 
through one-half of its stroke, from a state of rest. A force is 
required, acting within this distance, to impart this velocity. 
What is that force ? 

We may conceive the motion of the mass to be uniformly 
ac(;elerated by a constant force acting through this distance. 
Thun if, in the following figure, the vertical line a h represents 
the force and the horizontal line a d represents the half-atrokej 



200 THE BICHABDS STE4M-EN0INE INDICATOB 

the rectangle ahed will represent the work done by snch 
constant force. 



We know very well that this cannot be a correct representa- 
tion of the accelerating force as it is actually exerted at each 
point in the half-stroke, because no such abrupt cessation of it 
takes place at the middle of the stroke ; but if this figure repre- 
seuts the work done by a constant force, which by acting 
through this distance would impart this final velocity, then the 
actual forces, however they may vary in amount at different 
points in this distance, must be the equivalent of such constant 
force : the same work is done, and it must be represented by 
some figure of equal area, whatever may be its form. 

We will therefore inquire, first, What eomtant force, acting 
through this distance, would impart to this mass its final velo* 
city ? This force is found by comparing the velocity acquired 
with that which a falling body acquires in falling through the 
same distance from a point of rest. 

Before doing this we will endeavour, for the benefit of 
readers nut already familiar with the subject, to state, as 
briefly as possible, the laws of uniformly accelerated motion, as 
illustrated in falling bodies. 

A falling body always in reality meets the resistance of the 
atmosphere, but theoretically it is supposed to be moving 
without resistance. The force which urges it is the attraction 
of the earth. This force imparts to all bodies the same motion, 
since it varies directly as the mass. So the attracting force 
is always equal to the weight of the body. It has been 
established that this force near the level of the sea, in this 
latitude, will cause a body to fall, in vacuo, from a point of rest, 
1G*083 feet in one second, at the end of which time it has 
acquired a velocity of 32' 166 feet per second. 

The motion of a falling body is illustrated in the following 
figure, No. 44 : — Let the height A B of the right - angled 
triangle ABC represent five seconds of time, and let the 
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inclination of the hypothenuse AC represent the uniform 
acceleration of the motion of a falling body, which is produced 
by the constant action of the force of gravity. Then the base 
B C, and the four lines parallel with it, and dividing the height 
into five equal parts, will represent the velocity acquired by 
the body at the end of each second, and the areas of these five 




divisions of the triangle will represent the distances through 
which the body fieills in the several seconds. Let a body fall 
from the point A. The area of the triangle A a 5 represents 
the distance, 16*083 feet, through which it will fall during 
the first second, and the base ah represents the velocity 
32*166 feet per second, which it will acquire in falling through 
that distance. If now the attraction of the earth could cease, 
the body would continue to fall with the velocity already 

o 
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imparted to it, and woald^ during the next and each snooeeding 
second. Ml 32*166 feet, or twice as far as it fell during the 
first second, as is illustrated by the square ahed^ and those 
below it. 

The attraction of the earth, however, cannot cease, but con- 
tinues to urge the body precisely as at first, so that the Stance 
fallen through during the second second is, not twice, but three 
times that fidlen through durhlg the first, and so on, as shown 
by the figure. 

; If we represent the line a b by 2, then the succeeding base- 
lines will be represented by the even numbers, 4; 6, 8, 10, 
showing the velocity, in feet per second, acquired at the ex- 
piration of the successive seoonds^to be as follows : — 

At the end of one second «• 32 * 166 feet per seccmd. 

ft ft two seconds •• 64*332 „ ^ 

99 f, tliree ,9 •• 9o*49o ,1 ^ 

^ „ four „ .• 128*664 „ „ 

„ „ five „ .. 160*830 „ 

If, in like manner, we represent the area A a b by 1, then the 
^successive areas below it will be represented by the odd num- 
bers, 8, 5, 7, 9, showing the distances fallen through in the 
successive seconds to be as follows : — 

During the first second .. ., 16*083 feet. 
„ second ,» „ .. 48*249 „ 
„ third „ „ .. 80*415 „ 
^ fourth „ .. .. 112*581 „ 
„ fifth „ .. .. 144*747 „ 
It will be seen, also, that the aggregate areas, representing 
the total distances fallen through, from the point of rest to the 
end of each second, are represented by the numbers 1, 4, 9, 16, 
25, which are the squares of the seconds, showing the total 
distances fallen through to be as follows : — 

In one second 16 * 083 feet. 

,9 two seconds 64*332 „ 

„ three „ .. .. .. 144*747 „ 

„ four „ 257*328 „ 

„ five „ 402*075 ,, 

In the following Table all these relations are presented in one 
Tiew, the time being extended to ten seconds. It will be ob- 
served that, for each second, the mean velocity is 16*088 feet 
per second less th»n the terminal velocity. 
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Table XL 

Exhibiting Ae Aecderaiion of the Motion of a falling Body during 
ten seconds. 



Seooods 
occupied 
in falling. 


Total distance 
infeet. " " 


(6) 

Differences { 

being the 

distance fallen 

throngh, or the 

during each 
second. 


(c) 

2nd Differences ; 

being the 

constant 

acceleration, 

in feet per 

second. 


Velocity, in feet 

per second, 

acquired at the 

expiration of 

each second. 


1 

2 
3 

4 
5 
6 
7 
8 
9 
10 


' 16-083 

64-332 

144-747 

267-328 

402-076 

678-988 

788-067 

1029-312 

1302-723 

1608-300 


16-083 
48-249 
80-416 
112-681 
144-747 
176-913 
209-079 
241-246 
273-411 
306-577 


32-166 
32-166 
32-166 
32-166 
' 32-166 
32 166 
32-166 
32-166 
82-166 
32-166 


32-166 
64-332 
96-498 
128-664 
160-830 
192-996 
226-162 
267-328 
289*494 
321-660 



From tluB Table the following law is deduced: — The ^ 

velocities acquired by falling bodies are directly as the times Y "^ ^^ 
of falling, and the distances fiBtllen through to acquire those ^ 

velocities are as the squares of the times. \ z A ' 

In this inquiry, however, we have to banish the idea of time V' 

from our minds, and to consider only the relation of velocities 
acquired and distances fallen through in acquiring them. 

We observe that at the end of one second the velocity per ' 
second acquired is twice the distance fallen through* Now th^re 
is nothing peculiar about a second, but it is universally true of a 
falling body that, in any interval of time whatever, it acquires a 
velocity, per such interval, which is double the distance through 
which it has fallen, or, that its final velocity is twice its mean 
velocity ; and this is the simple law of uniformly accelerated 
motion. 

But, for purposes of comparison, some interval must be agreed 
on as a unit of time, and so the velocity of falling bodies is ex- 
pressed in feet per second. It follows that velocities per units 
smaller than one second are enlarged, and those per larger units 
are diminished, in expression. For example : at the end of half 
a second we do not say that a falling body has acquired a velocity 

o 2 
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of 8 * 0415 feet per half-eeoond, wluoh is twice tlie distance it has 
fallen, but that it has acquired a velocity of 16*083 feet per 
second ; and at the end of two seconds we do not say that it has 
acquired a Telocity of 128 * 664 feet per two seconds, which also is 
twice the distance it has fallen, but that it has acquired a velocity 
of 64*332 feet per second. Time, one of the two factors whose 
changes kept the Yelodty acquired in apparently a constant ratio 
with the distance &llen through, being now made unchangeable, 
the other factor must vary as the square roots of the distances, 
and so we have the law : — 

Tke ffelociiiei per §ec<md acquired by a faUmg hody vary ae ike 
iquare rooU of the dietancee fallen. 

IVhenoe 

• = 8-0207 ^d 

Now if a body is being impelled in a horizontal direction its 
own weight is neutral — ^has no tendency to produce motion, nor, 
except through friction, which is excluded by our terms, to arrest 
it. Therefore a constant force equal to its weight must be re- 
quired to impart to it the same velocity that it would acquire in 
falling. We will hereafter, then, consider our projectile as sub- 
stituted in the place of a falling body. 

There is, however, this important difference. In the case of 
falling bodies the force is invariable, and either the distance fallen 
through or the velocity acquired is given to find the other. Bat 
in the action we have to consider it is the force which is the 
unknown quantity. The distance moved through, and the 
velocity acquired, are both known, and the force is sought, 
greater or less than that of gravity, or the weight of the mass, 
which is required to impart the velocity by acting through the 
distance. 

The determination of this force is a very simple matter. It 
has been established, both by mathematical investigation and by 
direct experiment, that forces act cumulatively ; that is, that, for 
example, one-half the force of gravity will impel a body one-half 
as far, twice that force twice as far, four j;ime8 that force four 
times as far, in a given interval of time ; and the velocity acquired 
per such interval is twice the distance moved through, or, the 
velocities per second vary as the square roots of the distances, 
precisely as when the force is that of gravity. 

For the purpose of imparting velocity, then, force is the 
equivalent of distance. One may be substituted in place of the 
other in any degree, or, to impart a given velocity, it is necessary 
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only that the product of the force into the distance shall be a 
constant quantity, — either factor may be diminished as much as 
the other is increased. Thus, for example, force 1 must act 
through distance 4 to impart a twofold Telocity, and force 2 
acting through distance 2, or force 4 acting through distance 1, 
will impart the same velocity. 

The distances through which a given force must act, to im- 
part different velocities, vary as the squares of the velocities 
imparted ; and so the forces, acting through a given distance, 
to impart different velocities, must vary in the same manner. 

We have now considered the constant acceleration of motion. 
A few words will explain its retardation. The inertia of a moving 
body, or the force with which it opposes being brought to rest, is 
the same as that with which a body at rest resists being put in 
motion ; but it is commonly distinguished from the latter by the 
term * momentum.' The momentum of a moving body, or its 
vis viva, or living force, or the work stored up in it, is the product 
of the force which it exerts, multiplied by the distance through 
which it will move while exerting it, and, less the loss of power by 
friction, it is equal to the force which put it in motion multiplied 
by the distance through which that was exerted. So that, if 
bodies of the same weight are moving with different velocities^ 
the resistance which will bring each to rest, or the distance 
through which that resistance is exerted, or the product of the 
two, must differ as the squares of the velocities. 

We arrive, then, at this general law : — 

Uniformly accelerating or retarding force varies, directly as the 
mass, inversely as the distance within which a given velocity is tm^ 
parted or arrested, and as the square of the velocity imparted or 
arrested within a given distance* 

In applying this law to the case of steam-engines : — 
Let W = the weight of the transmitting parts ; 

g = the velocity, in feet per second, acquired by a falling 

body in one second = 32*166 ; 
D = the distance, 16*083 feet, through which a body falls 

in one second, or in acquiring the velocity g ; 
V « the maximum velocity attained by the transmitting 

parts at the middle of the stroke ; 
d ^ the distance— one half the stroke — through which 
these parts move in acquiring this velocity ; and, 
/ = the constant force required. 



1/ SL,^ J :^^ < 
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Then/ s W X "^ X -; ; whenoe, hy canoelling the oonstant 
qnantitieB, D and /, we obtain the formula/ = W x ^.^22d 

Wliat, then, would be the oonstant force required to impart 
their motion to the transmitting parts of an engine of 24 ins.' 
diameter, or 462 sq. ins. area, of cylinder, hj 5-feet stroke, and* 
making 60 reyolntions per minate, and the transmitting parts, 
of which weigh 2000 lbs.? 

The mean piston-speed is 600 feet per minate ; the velocity 
attained by the transmitting parts at the mid-stroke is 600 x 
1*5708 m 042*5 feet per minnte, or 15*708 feet per second, and 

we hare, Q4.fi* 74 

/« 2000 X ^^-^ «= 8068 lbs. 
^ 160-83 

or 6*8 lbs. on each 1 sq. in. of piston area. 

Again, required the constant force, which would impart their 
Telocity to the transmitting parts of an engine of 16 ins. 
diameter, or 201 sq. ins. area, of cylinder, by 30 ins. stroke, and 
making 140 rcTolutions per minute, and in which the weight of 
these parts is 1100 lbs. 

The mean pistonnsipeed is 700 feet per minute, the velocity 
attained by the transmitting parts at the mid-stroke is 1100 feet 
per minute, or 18*333 feet per second, and we have, 

or 23 lbs. on each 1 sq. in. of piston area. 

These, then, are the forces in the above two cases respectively, 
which, supposing them to be constantly exerted, would be 
required during the first half of each stroke in one direction, to 
give to the transmitting parts of the engine their velocity ; and 
again, during the latter half of each stroke in the opposite 
direction, to bring them to rest. 

We do not care to hasten on in our inquiry. The law of 
uniformly accelerated or retarded motion is one so interesting in 
itself, the idea of any action of this nature taking place in a 
steam-engine is so novel to almost every one, and it is so difficult 
at once to realise the fact of such considerable forces beii^ re- 
quired for this purpose, while, at the same time, a clear com- 
prehension of it is so necessary to a proper understanding of 
^hat which lies before us, th»t we would dwell upon it for a 
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moment, and observe it from different points of view, and 
beoome, as it were, familiar with it. 

Let ns, then, return to the example last dted. The velocity 
attained at each mid-stroke is 18 * 333 feet per second. How far 
wonld a body need to fall to acquire this velocity? The 
answer is at hand. The velocities vary as the square roots of 
the heights, and 82*166 : 18-333 : : V 16-083 : ^5*2235. 
5 - 2235 feet is, therefore, the distance through which a body 
impelled by a constant force equal to its own weight must move 
to acquire this velocity. But the distance in which the trans- 
mitting parts do in fact acquire this velociiy is only 1 * 25 feet. 
How much greater, then, than their own weight must the 
accelerating force be ? The forces are inversely as the distances, 
and we have, ^^QQ >^ g;2235 ^ ^^^^ j^^ ^ ^^^^^^ 
1-25 

Again, what velocity would a fiEdling body acquire in falling 
through 1*25 feet from a state of rest? 



Answer: 32*166 /^'^^ = 8-968 feet per second. 
V 16 -083 

But the velocity actually acquired by these parts in moving 
through this distance is 18-333 feet per second. The force 
required varies as the square of the velociiy, and we have 

^^^Wll:^^^" - 4596 lbs., as before. 
8-968» 

So the corrrectness of our formula is proved, and we see 
clearly that to give to these parts the velocity which they attain 
at each mid-stroke, and then to bring them to rest, this great 
amount of force would need to be constantly exerted. 

But it is quite certain that no such action as this uniform 
acceleration and retardation, with an abrupt transition from one 
to the other at the mid-stroke, takes place in a steam-engine. 
The amount of work which they represent is, however, done. 
The acceleration and retardation do take place. Evidently it 
must be in some ratio very different from a constant one* What 
is that ratio? 

The following Tables have been prepared for the purpose of 
presenting a complete answer to this question :— 



/ 
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These Tftbles exhibit, in deoimali of the leng^ of the orank, 

Fint The total motion of the pieton* from the oommenoe 

ment of the stroke ; 
Seeand, The motion, or mean yelodty, dnring eaoh equal 

interval of time taken ; and, 
Third. The acoeleration at the termination of each of these 

intervals. 

These are given in the first Table for intervals of 1^ through 
the quarter revolution of the orank ; and in the second Table 
for intervals of one-tenth of 1^ through the first three degrees, 
and the last degree of the quarter revolution. 

The motion of the orank is supposed to commence at zero on 
the line of centres, and to be uniform ; and so the degrees are 
taken to mark equal divisions of time. 

First Column. 

During the first half of its stroke the motion of a piston 
controlled by a crank is, disregardiug, as we now do, the effect 
produced by the angular vibration of the connecting-Tod, equal 
to the versed sine of the angle which the crank forms with the 
line of centres. In these Tables, the first column (a) gives the 
versed sines of the intervals taken, or the total distances through 
which the piston has moved from the commencement of the 
stroke, and corresponds with column (a) in Table No. XL on 
page 203 of the motion of a falling body. It must be observed 
that this column tells nothing of the velocity of the piston, the 
versed sines merely represent the total distances through which 
it has moved from the point of rest. 

Second Column. 

The velocity of the piston varies as (he sine of Ae angle. 

The second column (&) gives th^ differences of the versed 
sines. These, it is evident, express the motion, or mean 
velocities, of the piston while the crank is traversing the 
intervals of arc taken, corresponding with the differences in 
column (h) of Table No. XI. The motion of the piston per 
degree, it will be seen, increases from * 0001523048 during the 

* For oonyenienoe of expression, *< the piston'* will hereafter be med to 
represent the entire nuuM of the transmitting parts of the engine. 
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first degree of the motion of the crank from the line of centres 
to * 0174524064 during the 90th d^ree. The latter approaches 
very nearly to the constant velocity, per degree, of the crank in 
its arc, wHch, if radius = 1, is 

The mean velocity, per degree, of the piston for the last one- 
tenth of the 90th is -0174532836, which agrees with that of the 
crank up to the eighth place of decimals. The Table gives this 
▼elodty per one-tenth of one degree, which is one-tenth of the 
above. 

T^e differences of the versed sines vary directly as the sines. 
The curve representing the acceleration of the piston's motion 
approximating nearly to a straight line, we may, without 
sensible error, take the mean velocity of the piston during any 
short interval to be its velocity at the middle point of such 
interval. Now, if we divide the sine of any degree, — 30', by 
the mean velocity during that degree, as found in column (h) of 
Table No. XII. we obtain always the quotient 57*2965, which 
expresses the constant ratio between the difference of the versed 
sines of any two consecutive degrees and the sine of the inter- 
mediate angle. 

Therefore the velocity of the piston varies as the sine of the 
angle which the crank forms with the line of centres. This 
relation is of such consequence, that a knowledge of it is the 
key to the understanding of the crank motion, as we shall see 
hereafter. 

These Tables give the mean velocity during each 1 -^j or • 1^ 
In order, therefore, to get the velocity at the end of any such 
interval, one-half the acceleration for the same interval, as given 
in the next column, must be added. We shall thus find, for 
example, that at the end of the 30th degree the piston has 
acquired precisely one^half of its velocity. 

Thied Column. 

The acceleration of the motion of the piston varies as the cosine of 
the angle. 

This column (c) gives the differences of the mean velocities, 
and shows how much the velocity is increased during each 
successive degree, or tenth of a degree. 

The inspection of it is calculated, when made for the first 



216 THE BI0HARD8 STEAM-ENGINB INDICATOB. 

time, to fill the mind with aBtonishment. The same analysis 
when applied to the motion of a falling body, exhibits, as we 
have seen in Table No. XIL, a uniform rate of acceleration ; bat 
here an acceleration appears, which is greatest at the absolnte 
commencement of the stroke, and thence diminishes, at first 
very slowly, then more and more rapidly, all the way to the 
mid-stroke, when it insensibly becomes 0. 

Daring the first two degrees the rate approximates very 
closely to aniformity, and so the acceleration at the commence- 
ment of the stroke is taken, in one Table, at twice the mean 
Telocity of the piston during the first degree, and in the other 
Table at twice its mean Telocity daring the first one-tenth of a 
degree; bat it will be seen that the latter is slightly the 
greater, and for the first one-hondredth of a degree, or 36", it 
is, thoagh almost imperceptibly, greater stilL These are here 
shown together as follows : — 

Twice the distance moTed throagh daring the 

first degree •0003046096 

Two handred times the distance moTcd throagh 

during the first • 1 of a degree . • -0003046173 

Twenty thousand times the distance moTcd ^. 

through daring the first • 01 of a degree . . 0003046174 . J/^ 

The distance moTod throagh by a body uniformly accelerated 
increases as the square of the time. If, therefore, the aboTe 
decimals were the same, the acceleration would be constant. 
The last column («) in Table No. XIII. shows the nearly 
constant quantity by which the increase in the acceleration 
diminishes, as, tracing it backward through the first three 
degrees, we approach the line of centres. 

One-tenth of a degree, when, for example, an engine is 
making four reTolutions per second, is an exceedingly minute 

diTision of time, being of a second. It is interesting to 

obserre still the operation of the law of uniform acceleration ; 
the distance moTed through during a unit of time being one- 
half the velocity per such unit acquired. The Table showing 
the motion of the piston for each one-tenth of [the first degree 
compares very well with Table No. XI. of the motion of falling 
bodies. The motion for ten degrees does not compare so well 
as during this time the diminution of the acceleration becomes 
considerablOi 
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Now if we divide the cosine of any angle by the acceleration 
given in this column for that degree, we obtain always the 
quotient 3282*885, which expresses the constant ratio that the 
aoceleratiou b^rs to the cosine. This number, it may be 
obsery'ed, is the exact square of the number 57*2965, which 

i^o. 45. ^ 




expresses the constant i*atio of the velocity to the sine. The 
acceleration varies then directly as the cosines of the angle? 
formed by the crank with the line of centres, and so inversely 
as the versed sines, or the distances traversed. Thus, for 
example, at the end of the 60th detrree the piston has accom- 

p 
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pliflhed one-half the distance to the mid-point of its stroke, and 
Las lost one-half its aooeleration. 

The retardation dnring the latter half of the stroke is, of 
course, the reverse of the aooeleration during the former half. 

The preceding diagram, No. 45, represents this aooeleration, 
and subsequent retardation : — 

Let A B represent the stroke of the piston, and A D the 
acceleration of its motion at the oommencement of the stroke. 
Then will the work done in imparting its motion he represented 
by the right-angled triangle D A C, and that done in arresting 
it by the equal and opposite triangle C B E ; for, if from any 
points on the line A B ordinates be drawn perpendicular to it, 
and of such lengths as to represent the acceleration or retarda- 
tion at those points in the piston's stroke, or as to maintain a 
constant proportion with the lengths of the oosines, measured 
from such points to the«mid-stroke 0, then the terminations of 
all these ordinates will be found in the diagonal line D C E. 
The rectangles, AFGC and OH IB, equal in area to the 
above triangles, represent the equal work done by a oonstant 
acceleration and retardation, which would, within the same 
distance, impart and arrest the same velocity. The actual 
initial acceleration and terminal retardation ai^ it will be seen, 
twice those which would need to be constantly produced. 
Further demonstrations of this important action will be given 
presently,* 

Fourth akd Fifth Columns. 

In these interesting columns, (d) and (e), are seen the 
increasing ratio in which the acceleration diminishes, and the 
manner in which, as the crank arrives at the end of the quad- 
rant, it insensibly becomes ; and also the diminishing ratio in 
which the diminution of acceleration increases. It is of course 
understood, that in the last column the unavoidable error in the 
last place of decimals will become apparent. The diminution of 
acceleration, column (d)^ maintains a constant ratio ¥dth the 
velocity, column (&), or with the sines of the angles ; and the 
increase in this diminution, column (e), maintains a oonstant 

* This increaBing ratio of retardation explains the phenomenon of the 
water-hammer, or the concusttlbn that is produced when a oolomn of water is 
MODght to rest by the resistance of a plui^r, the action of which is con- 
trolled by a crank. 
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l^tio with the aooeleration, column («)^or with the cosines of the 
angle& 

Before proceeding farther it is important that we get a dear 
conception of the difference between velocity and acceleration. 
The acceleration of the piston's motion we have seen to be 
greatest on the very dead centre, where it has no Velocity^ 
where its motion begins; to diminish aa the latter increases; 
and to become at the mid-«troke, where the velocity reaches 
its maximum. 

Now it is acceleration which requires the exertion of force 
to produce it. No' force is; properly speaking, required to 
maintain motion once imparted. Force is then applied only to 
overcome resistance which would destroy. the motion^ Unob- 
structed motion continues for ever* But to give motion to a 
body, or take it away* to change its state from one of rest to 
one of motion, or from one degree of motion to another, or from 
one of motion to one of rest, this requires the exertion of force. 
So it is not when the piston is moving most rapidly, ¥dth a 
velocity already acquired, but when motion is being most 
rapidly imparted to it or abstracted from it, that the greatest 
force is being exerted to overcome its inertia ; and this we have 
seen, and shall see still more clearly as we proceed, to be at the 
very commencement and termination of its stroke, when the 
crank is on the line of oentres* 

This action has, at the request of the writer, been investi' 
gated by an eminent physicist. Dr. F. A. P. Barnard, President 
of Columbia College in the city of New York. His paper on 
the subject, read before the Polytechnic Association of the 
American Institute, is published in their 'Transactions' for 
the year 1871-^2. From it the foUowing demonstration is 
taken :* — 

" Supposing a piston to start from rest at the beginning of 
its course, and the crank to be ihaintainecl in uniform angular 
motion by some independent x;egulatory what must, be the law 
of force acting on the piston so that it may complete the first 
half-stroke, without exerting any strain upon the cranky in the 
way either of acceleration or of retardation ? 

'* Taking ^ to represent the arc of revolution measured from 

* Tills demonBtration Buppoees the conneotuig-rod to be always parallel 
to itself, or to the axis of tho cylinder, as it is assumed to be throughout this 
Bcotion. 

t> 2 
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S6T0 at the line of oentrea, the diflerenoeB of the Tened aines of 
^ for equal BiicoeMive minute intervals of time will be pn»por- 
tional to the velooities of the piston in snoh suocessive intervals. 
And the differences of these differenoes will be proportional to 
the snooessive aooelerating forces required, in order that the 
dniformity of revolution may be maintained. These conditions 
may be best expressed in the notation of the differential 
calcolas. 

*' Put, therefore, 

^ = the arc of revolution to radius 1. 

9 s the space passed over by the piston. 

r s the length of the crank. 

I s time ; « s velocity ; / s accelerating force. 
F B constant value of /at maximum. 
T s constant time of revolution. 
Y = constant angular velocity of revolution. 



" Then 



W0 St d£^(2wy 

^ ^ J 4 ^ *V' At* " 



dt T' df 'P • 

d « s r <J ( V. 8. ^) = rd(— cos. ^) = r sin ^ 4 0. 

^ ds rain<l)d^ dv r d {sm ff) d </>) rooB.0<i0' 
^ ^ dt^ dl ' dl * df " dl" 

Substituting for 

dF 51" f5^ '"*•*• 

But 

«'WheiiooB.^ = lor-l,/= +^^*r= ± Vr = oentri- 

fagiil force of a unit mass of matter revolving in a circle of 
which r is the radius, the time of revolution is T. The accele- 
rating force/, therefore, varies as cos. <p, and is maximum when 
cos. <f> is maximum. Hence, 

~^T' ' 'g 32-166 T^ 8- 0416 T* 
which expresses the ratio of F to gravity. 
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**^ In order to compare this force with the constant force 
which would generate the same velocity in the same time, we 
observe that, by hypothesis, this force acts only during a 
quarter revolution of the crank, or a half stroke of the piston ; 
and, hence, that the maximum velocity is necessarily equal to 
the uniform velocity of the extremity of the crank : or, in other 
words, since 

reinthd^ ^d4> '^ft . ,2irr 

which is maximum when sin ^ is maximum, or when ^ = 90°; 
Thence, putting Y* for this maximum velocity. 

This velocity is generated in the time |T. Supposing it 
generated by a constant force, this force would be represented 
by the velociiy it is capable of generating in one second ; or, 
putting Fi to stand for this constant force, 

•• From this we obtain 



Also 



F (2y)«r 2*_i 
F,*4(270"1 "*''• 

F, 4(2ffr) ^ STTf irr 

^* ^T^ 82- 166 T»* 4-0208 T*' 



ftfi 
If we take, for r and T, r = 1-25 feet and T ±.\ j^^To "^c., we 

shall obtain, by substitution, 

F = 206 • 031; and F^ = 130 • 527 ,• 



whence 



F 

=^ = !• 67078 = iir as above. 



" This force Fi, however, is a greater force than would be 
requited to generate the velocity, Yi, in acting constantly 
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thzoagh the tpaee repreeonted by r, if time is left OQt of the 
queetion ; for, xemembering that the tpaoes passed through 
under the inflnenoe of oonstant foroes are gOTemed bythd law, 

and applying this to the ease in hand, in whidh the time to be 
oonsideied is ^T, we have 

whioh is less than the radios r. 

*' Where different velooities are generated by foroes acting 
through the same space, these foroes are proportional to the 
squares of the velocities generated. And the velocities gene- 
rated by the same force acting through different spaces are as 
the square roots of the spaces. 

*^ Thus, gravity will generate, in acting through the space r, 

the velocity " ^V J^'^^'v/'/ " V"2^- 

Hence, the force F,, whidh, in acting through the same space r, 

2irr 
wotild generate th^ velocity -7^-, will be found by the pro- 
portion, 

whioh is one-half the initial accelerating force F. 

** Henoe the force required to give to the piston the requisite 
initial acceleration is double that which, by acting constantly 
through a space equal to the length of the crank, would impart 
to the piston the pame finid velocity." 

In spite, however, of these demonstrations, the proposition 
seems, in the (absence of farther explanation, quite incredible. 
We have been taught and accustomed to regard the piston as 
wholly passive at the terminations of the strokes ; and the id6a 
of a force and a resistance exerted in counteraction there, other 
than those involved in work done by the engine, is one 
exceedingly difficult to entertain. Moreover, fig. 45, repre- 
senting the acceleration and retardation through the stroke. 
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sliows an abruptness of beginning and ending which seems 
entirely opposed to what we know to be the manner in which 
the pi^ton approaches and leaTes the end of its stroke. Evi- 
dently we have not got to the bottom of the matter yet. 

The explanation of the action of a piston during an entire 
revolution of the crank, to which attention is now invited, will 
remove this difficulty, which arises from that partial apprehen- 
sion of the truth that cannot satisfy the demands of thoughtful 
and logical minds. 

Let an engine be supposed from which the cylinder-heads 
have been removed, so that the motion of the piston may not 
be impeded by confined air, while it; is caused to make its usual 
reciprocations by means of a band driving the crank-shaft with 
a uniform motion ; and while it is thus being driven, let us 
note the resistance which the piston offers to the alternate 
accelerations and retardations that the crank produces in its 
motion. These resistances are exhibited in the following dia- 
gram, No. 46, as they are opposed to the crank at each point of 
its revolution. 

Let A C B D represent the circle described by the crank, 
E F the line of centres, and A E and B F the acceleration of 
the piston at the beginning, and its retardation ajb the termina- 
tion of each stroke. Then the circumscribed ellipse will 
represent the forces required to produce the alternate accele- 
ration and retardation throughout the revolution. The figure 
is the same as No. 45, the triangles are only bent around a 
circle, and the ordinates, which were vertical, have become 
horizontal. 

At C the piston is moving with a velocity equal to that of th^ 
extremity of the crank,* and its motion begins insensibly to 
be retarded by the latter. It is immaterial in which direction 
the crank is rotating ; but let it be supposed to be moving now 
in the direction shown by the curved arrows. The retardation 
increases in amount, as represented, up to the point B, where 
the piston is brought to rest, and begins to be impelled in the 
reverse direction. The impelling force thence diminishes, as 
shown, up to the point D, where it ceases, and retardation 
begins, culminating at A; at which point the piston, being 

* The extremity of the crank is found at the centre of the crank-pin, the 
length of the crank being measured from the centre of the shaft to thi& 
point. 
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again brought to rest, begius to be impelled in the direction in 
which we first observed it moving with its full velocity at C. 
Now there are here two things to be noted : first, the direction 



4 




in which the resistanoe uf the piston to the imnelli^* T^ 
tarding forces is exerted mnst be reversed ±xmr^^^ fl _.*»<* refm^ 



reversed twice in e^^ 
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tion ; and, eeoond, thifi change doee not take place on the dead 
centres, or at the same time with the change in the direction of 
its motion. It occurs at the middle point of each stroke, at the 
points and D in the figare, where acceleration passes into re- 
tardation, while the motion continues in the same direction, and 
at the instant of the change the motions of the piston and the 
crank coincide both in direction and velocity. 

The straight arrows show the direction in which the resistance 
of the piston is being exerted, namely, from to D in thn 
direction B F, and from D to in the direction A E. This will 
become dear on consideration. At G the piston begins in- 
sensibly to oppose its living force to the retardation of the crank, 
and. resists it more and more forcibly up to the point B. At 
this point, on the dead centre, what takes place ? The crank is 
now moving at right angles with the line of motion of the piston, 
and the direction of the piston's motion is insensibly reversed. 
Betardation of this motion in the direction B F passes, at its 
maximum, into acceleration of it in the reverse direction, at its 
maximum ; but the resistance of the piston is in one direction, 
B F, all the time ; the effort of the crank is in the opposite 
direction, F B, all the time : nothing is changed but only the 
direction of motion of the piston, as the force which haM 
brought it to rest, continuing to act, impels it to return on its 
path. Each strain of the piston on the crank, alternately in 
opposite directions, beg^s insensibly at the mid-stroke. 

This resistance of the piston, at its culminating point on the 
line of oentresi is equal to the centrifugal force which the same 
mass would constantly exert if it were revolving at the ex- 
tremity of the crank. This is proved as follows : — 

Let us suppose a crank 1 foot in length to make, with uniform 
motion, 1 revolution in a minute : what wotdd be the acceler- 
ating force exerted on the piston at the commencement of each 
stroke? 

The motion of the piston may be regarded as being uniformly 
accelerated during the first degree, since the error involved in 
this assumption is too small to appear in our calculation, and 
this constant acceleration may be conceived to be continued 
indefinitdy. We will suppose it to be continued through 
0^ = 1 second of time. Through what distance wotdd the 
piston move? Answer: '0001523048 X 6^ s -0054829728 of a 
foot An accelerating force equal to its own weight would 
move it in one second 16*083 feet. The accelerating force at 
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the (xnnmenoemeiit of the stroke must therofore be, in temis of 
the weight of the body, 

•0064829728^.(^841; 



16*088 



which is the well-lmown ooefiSoient of oentrifagal foroe. 

But the lesistanee of the piston at Mm point is not merely 
equal to, it m centrifiigal foroe. What is this foroe ? As exerted 
by a revolving body, it is the reslBtance whioh snoh a body 
opposes to being deflected from a direct line of motion ; or, 
since relatively to the radial line the revolying body is at rest, 
its line of motion being tangential, or at right angles with the 
radius, it is the resistance which it opposes to being moved 
towards the centre from a state of rest, and the amount of its 
deflection, or motion along the radial line towards the centre, is 
the versed sine of the angle. So also the piston is, at this pointy 
being motred towards the centre from a state of rest, the amount 
of its motion is the versed sine of the angle, and its resistance 
is exerted in the radial direction ; therefore in its nature, as 
well as its amount, it is identical ¥dth centrifugal force. 

When, therefore, we say that on each dead centre the piston 
is at rest, we mean, or we should mean, that it is at rest in the 
same sense in which a revolving body is always at rest relatively 
to the line connecting it ¥dth the centre. The true conception 
of it at these points is as exerting a radial strain on the crank, 
whioh varies according to the laws of centrifugal force : namely, 
first, directly as the mass ; second, with a given length of crank 
as the square of the speed ; third, with a given number of re- 
volutions per minute, directly as the length of the crank ; and 
fourth, with a given speed, inversely as the length of the crank. 

At every other point in its stroke the resistance which the 
inertia of the piston offers to the accelerating or retarding force 
is the horizontal component of the centrifugal force which it 
exerts on the line of centres. The resolution into its rectangular 
components of the centrifugal force of a body revolving in a 
vertical plane, shows the cosine of the angle to be everywhere 
the coefficient of its horizontal component. But this we have 
seen, page 203, to be also the coefficient of the accelerating and 
retarding forces. 

The action which we have now investigated receives its 
l^ractical demonstration in the fact, that a horizontal engine is 
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perfectly balanoed, in the horizontal direction, by a counter- 
weight, equal in weight to the entire mass of the reciprocating 
parts, revolving opposite to the crank, and having its centre of 
gravity at a distance fix>m the centre equal to the length of the 
crank. The vertical action of such a counterweight is resisted 
by the earth, and an engine so constructed may be run at any 
speed without disturbance of its stability. 

We are now prepared to obtain a formula for the amount of 
the accelerating force at the commencement of the stroke. We 
have found already that the accelerating force required to impart 
its initial velocity to a piston weighing one pound, when the 
crank is 1 foot in length and makes 1 revolution per minute, is 
* 000341 of a pound. 

Leti then^ 

W s the weight of the transmitting parts; 

L ss the length of the crank, in feet ; 

B s the number of revolutions per minute ; 

ft =s the constant number * 000341 ; 

a = the area of the piston in square inches ; 
and p = the pressure on the square inch required. 

Then vdll B' Ln s the initial accelerating force, in terms of 
the weight of the mass, or the ratio which this force bears to 

the forceof gravity ; asiip = 



Example. — ^What is the force required, at the beginning of the 
stroke, to put in motion the piston of an engine of 80 inches 
diameter of cylinder and 4 feet stroke, making 60 revolutions 
per minute, and the reciprocating parts of which weigh 
2000 lbs.? 

W = 2000; B^ = 3600; L = 2; n = '000341; a = 707 ; and 
p 9 6* 945 lbs. pressure on each 1 square inch of piston area. 

This force varying as the square of the speed, if the speed of 
this engine were reduced to 40 revolutions per minute, it would 
be only 8*086 lbs. ; and on the other hand, if the speed should 
be increased to 80 revolutions per minute, it would be 12 * 344 lbs* 
on each 1 square inch of piston area. 

But how does this calculation show the initial accelerating 
force to compare with the constant force which would impart 
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the Tolooity i^ttained at the mid-stroke? To answer this 
question, let the formula for a constant socekrating force, 
pages 205-6, be applied to the aboTe example. 
Substitnting the valaes, we haye, 

/ . ^^4lf^«^*^ . 2-465 ^ 707 - 8-472 lb. 

«»n each 1 square inch of piston, which ib one-half of the actual 
initial force as found abore. 

Again, let the above formula for the initial accelerating force 
be applied to the case of th« engine of short stroke and with a 
heavy piston, running at higher speed, employed for illustratioo 
on pages 206-6. 

Then we have, W » 1100; B^ s 19,600; L s 1*25; 
n s *000341 ; a = 201 ; and p s 46 lbs. on each 1 square inch 
of piston: so that again the initial force equals twice the 
oonstant force that would impart the same final velocity. 

Again ; what must be the aggregate weight of the recipro- 
cating parts of an engine of 18" bore, and 12^ stroke, making 
400 revolutions per minute, in order that the initial accelerating 
force shall be equal to 60 lbs. on each 1 square inch of piston ? 

B» U = 27-28 ; and ?5^A«? « 660 lb.. 

By this simple calculation the initial accelerating force may 
in all cases be ascertained, and the triangles described, repre- 
senting the work first absorbed and then imparted by the 
piston, and which must be subtracted from the first half and 
added to the latter half of the diagram, in order to show the 
real distribution of pressure on the crank. 

In the following diagram. No. 47, this action and its practical 
value are illustrated. The steam pressure is taken at 90 lbs., 
with a vacuum of 12 lbs., making the total initial pressure 
102 lbs. on the square inch, and the point of cut-off is taken at 
one-sixth of fhe stroke. For plotting the expansion curve, 
4 per cent, is added to the length of the stroke for the waste 
room in clearance aaid passages. 

Two cases are represented— ^ne in which the initial pres- 
sure required to overcome the inertia of the piston is 8 lbs. on 
the square inch, and which fully represents the requirements 
for this purpose in the best engines of the usual speed and 



THE BICHABDS STEAM-ENOINE INDICATOR. 229 

length of stroke, in the laige majority of which the force thus 
abflorbed is much lees than this — and the other in which the 
initial pressure absorbed in this manner is 46 lbs. on the square 
inch of piston, as in the engine last above described. 
The figure G E F L D, representing the preponderance of fhe 

No. 47. 




steam pressure on this side of the piston during the stroke, 
shows how excessively unequal the pressures applied to the 
crank at the opposite enrls of the stroke would be in engines 
cutting off at this point, if the reciprocating parts were with- 
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ontweight. The fignre I E F L K shows in how alight s degree 
this inequality is oorreoted in the best ordinaxy piaotice. The 
OE F L H shows the result obtained by increasing the inertia 
of the reciprocating parts in a jndidoaB manner, with a view to 
correcting this lamentable defect in engines working steam 
ezpansivelj, as all economical engines must do. 

Although we are not yet arrived at the point, from which the 
beneficial effect of the action thus ob£ained can be fully seen, 
still the inspection of this figure makes it obvious that, by 
means of it, first, the crank is relieved of nearly one-half of the 
initial force of the steam ; second, the pressures exerted on the 
crank at the opposite ends of the stroke are nearly equal ; and 
third, the amount of pressure on the crank is least during that 
portion of the stroke where the rotative effect of a given pree- 
sure is greatest. There is obviously no loss of power in this 
action. The transmitting parts act merely as a reservoir of 
power, like the fly-wheel, and impart all that they receive. 

Illustrations of this action of the inertia of the reciprocating 
parts of an engine in modifying the distribution of the pressure 
on the crank might be multiplied. Engineers can readily 
ascertain that which takes place in their own practice. The 
single example here introduced illustrates the action in 
in which steam is worked to the best advantage. 
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SECTION III. 

OF THE MODIFICATION OF THE ACCELERATION AND 
RETARDATION OF THE PISTON THAT IS OCCA- 
SIONED BY THE ANGULAR VIBRATION OF THE 
CONNECTING-ROD. 

In the preceding investigation the angular Tibration of the oon- 
necting-rod has, for the sake of deamess, been disregarded, and 
the subject has been considered as if no such action took place. 
In practice, however, this vibration always does take place, and 
it produces a considerable difference in the velocity of the 
piston ii^ the opposite ends of the cylinder, and in the force 
required to impart and arrest it. 

The usiial proportionate lengths of connecting-rods are 4, 5, 
and 6 times the length of the crank. They are rarely employed 
longer than the last, and still more rarely shorter than the first, 
of these lengths. The greater their proportionate lengths, the 
less, obvipufdy, is their angular vibration during a revolution of 
the crank. 

The vibration of the connecting-rod operates to increase the 
retardation and acceleration of the piston in the end of the 
cylinder farthest from the crank in direct*acting engines, and 
in the upper end of the cylinder in beam-engines, and to dimi- 
nish them in the opposite end. No one can observe attentively 
the motions of a piston-rod or cross-head, without perceiving a 
very marked difference in the speed with which they approach 
and leave the opposite ends of the stroke. 

The inequality thus occasioned is greatest at the extreme 
points of the stroke. The retardation and acceleration are 
more rapid on the forward* dead centre than on the back* one, 

* In aooordanoe with locomotive usage, the term ^forward " is employed 
to designate the end of the cylinder farthest from the crank, and the stroke of 
the piston in that direction, and the terms *^ back ** and ^ return " to designate 
the end of the cylinders nearest to, and the stroke of the piston towards, the 
orank. 
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by 40 per oent. when th^ connecting-rod is 6 cranks in length, 
50 per cent, when it is 5. cranks in length, and 66 per cent, 
when it is 4 cranks in length. These enormous differences 
rapidly diminish, however, and at about the midnstroke the 
difference of course disappears. The average difference between 
the velocities of the piston through the opposite half-strokes is 
one-half the difference between the velocities at the extremes, 
as above given. 

The opposite diagram. No. 4&, illustrates the manner in 
which the vibration of the connecting-rod operates to produce 
these inequalities : — 

Let D H be the centre line of an engine, and A C DE the 
circle described by the extremity of the crank. C O E repre- 
sents the crank in opposite positions, and A C and D E are 
equal arcs. H E represents the stroke of the piston. The lines 
10 and LE represent the connecting-rod, which is shown 
6 cranks in length. A n and D m are equal, being the versed 
sines of the equal angles A and DOE; nf and m g are also 
equal, being the versed sines of the equal angles 1/ and E L ^. 
While the crank moves through the arc A 0, the piston moves 
the distance H I, which is equal to A n -|- n/; and in the oppo- 
site quadrant, while the crank moves through the arc DE, 
the piston moves only the distance E L, which is equal to 
Dm — (^fn. 

This action may be expressed as follows : — 

Let A = the angle formed by the crank with the line of 

centres; . 
B^the angle formed by the connecting-rod with the 

same; 
= the ratio between the length of the connecting-rod 

and that of the crank ; and 
D and D' » the distances moved by the piston in the 

forward and in the back ends of the cylinder. 

Then will D = versin A -f- (0 versin B) and 
D' = versin A — (0 versin B). 

The three Tables at the end of the book have been computed 
by the above formula. These give, for each 1^ of the entire 
revolution of the crank :— ?■ 

Q 
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Fint. In the outer oolumn, the total distance moTed by the 
piston from the commenoement of each stroke. 

Second. In the next column, the mean velocity of the piston 
while the crank is moving through each degree ; 

Third, In the third column* the acceleration or retardation of 
the piston at the end of each degree ; and, 

Faurih. In the inner c(dumn, the diminution of the accelera- 
tion, or increase of the retardation, during each 1^, 
in the three following cases, namely ^— 

When the length of the connecting-rod is equal to 6 times, 
5 times, and 4 times the length of the crank, the length of the 
crank is taken as 1. 

When the velocity of the piston at the end of any degree is 
required, then one-half the acceleration or retardation for that 
degree must be added to, or subtracted from, the mean 
velocity. 

At the end of the 90th degree, the velocity of the piston is 
always equal to that of the extremity of the crank. 

The velocity of the piston exceeds that of the crank, through 
18° of the quadrants nearest to the cylinder when the con- 
necting-rod equals 6 cranks, through 21° when the connect- 
ing-rod equals 5 cranks, and through 26^ when the connect- 
ing-rod equals 4 cranks in length ; and it reaches its 
maximum, and retardation begins, at about 81°, 79°, and 77° 
of the quadrants nearest to the cylinder, in the above three 
cases respectively. 

The coefficients of distance and velocity given in these 
Tables may be employed as follows : 

To ascertain the distance travelled by the piston, from the 
commencement of the stroke, when the crank has arrived at the 
end of any degree of its first quadrant, multiply the decimal 
for that degree in the outer column by the length of the crank ; 
when it has arrived at the end of any degree of its second 
quadrant, multiply as above, and subtract from twice the length 
of the crank. 

To ascertain the mean velocity of the piston while the crank 
is traversing any degree of its arc, multiply the decimal for that 
degree in the second column by the piston travel, and divide by 
the decimal * 011111, since the mean velocity of the piston, for 
its entire stroke, is to its final velocity as*011111isto* 0174532. 
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If the result comes larger than you expect, remember that at the 
mid-stroke the piston has a velocity greater than its travel or 
mean velocity, in the proportion of 1 • 5708 to 1. If the velocity 
at the termination of any degree is required, then one-half the 
acceleration for that degree must first be added, or one-half the 
retardation subtracted, as already explained. 

In the following table are presented in one view the compara- 
tive velocities of the piston, at the expiration of each interval of 
5° in the revolution of the crank, under the following con- 
ditions ; namely, when the connecting rod is of infinite length, 
and when it is six times, five times, and four times the length 
of the crank. The first is the theoretical condition under which 
the i^gular vibration of the rod disappears. These velocities 
are seen in comparison with the velocity that the piston would 
acquire if its initial rate of acceleration, with a connecting-rod 
of infinite length, could be constantly maintained. 



Table XIV. 

Showing the Velocity of the Piston at the terminaiion ofeaeh interval 
of 5^ of the revolution of the eranh^ counting from the line of 
centres — 

FmsT, under the theoretical condition of a connecting-rod of 
infinite lengthy when its angular vibrcUion disappears ; and^ 

Second, under three practical conditions^ namely^ when the length 
of the connecting-rod is six times^ when it is five times^ and 
when it is four times the length of (he crank — 

tn comparison with the velocity that' would he imparted to it by 
constant acceleration under the first of the foregoing conditions; that 
so imparted <U the termination of ^ first degree being taken as the 



The initial acceleration, represented by twice the mean velocity 
during the first degree, is, in the above four cases respectively, as 
follows : — 

1. With ccm..iod oj^i^te }-0003046096, which if we take to =» l.fhen 

2. With n = to /'OOGSSSSTSO, at forwaid end of cylinder, will s 1*166 

6 craokaV 0002588402, at back „ „ „ e -833 

q2 
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8. With ooii.-iod 
4. With ,, 



sto /*00086558a6,atforwud end of eyUnder sl-8 
9 oniiki 1*0002486866, atUok 



sto /•0008807688,atiirwMd 
ionnkt V000228iS54»atbMk 



= '8 
= -75 
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16-91 


24-22 


14-98 


25 


25 


24,- 216 


27-88 


20-66 


28-60 


19-83 


29-73 


lg-70 


30 


30 


28-65 


32-80 


24-60 


53 -.m 


23-64 


34-90 


22-40 


35 


85 


32-86 


37-37 


28-36 


38-28 


27-44 


39-66 


26-06 


40 


40 


36-83 


41-66 


32-10 


42-62 


31-14 


44-00 


29-66 


45 


45 


40^616 


46-32 


36-71 


4S.-8D. 


34-73 


47-79 


33-24 


50 


60 


43:89 


48-63 


39-16 


49-60 


38-18 


61-07 


36-71 


65 


55 


46-^3 


61-63 


42-33 


62-39 


41-47 


63-80 


40-06 


60 


60 


49-6^ 


83-80 


46-44 


64-66 


44-68 


66-97 


43-27 


65 


65 


^1 93 


66-63 


48-23 


Be- 39 


47-47 


67-66 


46-30 


70 


70.<i5 


'^63 -84 


66-946 


60-736 


67-69 


60-09 


68-67 


49-11 


75 


75.<?iJ 


?66-34 


67-76 


62-92 


£a-J2B- 


62-42 


69-00 


61-68 


80 


80 f< 


'%6-42 


68-08 


64-76 


68-46 


64-39 


68-96 


63-89 


85 


ssfi 


Ji57-08 


67-93 


66-23 


68-09 


66-07 


68-36 


66-80 


90° 


90/ 


67-30 


67-30 


67-30 


67-30 


67-30 


67-30 


67-30 









This Table is represented in the lithographed diagram, 
No. 49, in which are also shown the aooeleration and retarda- 
tion of the piston, and the distance traTelled by it, at eveiy 
point in the reyolution of the crank, 

. The height A B of the right-angled triangle ABO represents 
^0°, reckoned from the line of centres. The apex A represents 
the beginning and^nd of the stroke, and the base B represents 
the point in the stroke at which the piston stands when the 
crank stands at 90^ This point wonld be the middle of the 
stroke if the connecting-rod were without angular vibration. 
Its lM)taal position is seen in the Tables at the end of the bopk. 
The inclination of the diagonal AG represents a constant acce-' 
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leration of the piston, jthe initial acceleration that it would haye 
with a connecting-rod of infinite length being conceived to be 
nniformly maintained. The base BO, and all lines pandlel 
with it, and terminating on the vertical A B and the diagonal 
AC, represent the velocity at every point which would be 
imparted by such constant acceleration. Those at the end of 
each 5^ correspond to column (a) in the Table. The area of the 
triangle above any horizontal line represents the total distance 
that a piston thus uniformly accelerated would travel in 
acquiring the velocity represented by such line. 

We will now confine our attention to the first quadrant. The 
central curve represents at each point, by its inclination from 
the vertical, the acceleration that would be applied to the piston 
at that point in the quarter-revolution of the crank, if the 
connecting-rod were without angular vibration. The hori- 
zontal lines, drawn to it from the vertical A B, represent the 
velocity that it would have at those points, imparted by such 
diminishing acceleration, and those at the end of each 5° corre-^ 
spend to oolumn (6) in the Table. The included areas represent 
the distances through which the piston would travel in acquiring 
these velocities. 

The divergence of the curves A and A' from the central curve 
exhibits the effect of the angular vibration of a connecting-rod 
the length of which is 4 times that of the crank, and that of the 
curves B and B' exhibits this effect wlien the length of the rod 
is 6 times that of the crank. The curves diowing the effect of 
the vibration of a rod 5 cranks in length would fall between the 
curves A and B, and A' and B', and have been omitted for the 
sake of clearness. 

The curves A and B represent the acceleration of the piston 
during the quarter-revolution of the crank on its forward stroke 
or in the end of the cylinder nearest to the crank, and the 
curves A' and B' represent its acceleration and beginning of its 
retardation during the same period on its return stroke. The 
horizontal lines, measured fix>m the vertical A B to these curves 
respectively, show the velocity acquired by the piston at each 
point, and at the end of each 6° correspond to columns (e), (d) 
(g), and (*) of the Table. 

These curves may properly be conceived to return upon them- 
selves, so as to re|>resent the alternate accelerations and retarda- 
tions of the piston's motion during an entire revolution of the 
crank. The central curve returns upon itself continually, the 
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aooeleration on each stroke being the same, and the retaidatioii 
its reTerae, and the mid-stroke coinciding with 00^ The other 
pairs of oarveSi however, return, each on itself^ at the beginning 
and ending A, but on each other at the mid-stroke E, becanse 
the aooeleration and retardation are the reverse of each other in 
the same end of the cylinder, but not so at opposite ends of a 
stroke. 

The effect of the angular vibration of the connecting-rod, in 
increasing or diminishing the velocity of the piston on its oppo- 
site strokes, is greatest when the crank is at the an^e of 45^. 
In the Tables at the end of the book the sines are drawn from 
the line of centres, and the cosines from the angle of 90^ to thia 
culminating point. 

The distinction between velocity and acceleration must be 
kept clearly in mind. We have before observed how opposite 
these are to each other ; another illustration is seen just here. 
The angle of 45^, at which the angular vibration of the rod pro- 
duces the greatest change in the velocity, is about the point at 
which, as will be seen in Table XY., this vibration does not 
affect the acceleration or retardation at all. Velocity has been 
incidentally considered here as part of the general subject, but 
in this section we shall have no more to do with it. 

The following diagram. No. 56, represents the force required 
to effect the alternate acceleration and retardation of the piston, 
through the entire revolution of the crank, when the connecting- 
rod is 6 cranks in length. The lines A B in the two figures 
represf'nt the stroke of the piston, and the vertical line shows 
the middle point of the stroke. The ordinates represent, at in- 
tervals of 10^ of arc, the position of the piston in its stroke, when 
the crank is at the corresponding points of its semi-revolution. 

The diagonal C E in the upper figure represents the aooelera- 
tion and retardation as they would take place were there no 
angular vibration ; and the dotted curve shows them as they 
are, with rods of this proportionate length* The carve in the 
lower figure is a duplicate of the dotted curve in the upper one. 
The positions of the ordinates in the lower figure, corresponding 
with the dotted ordinates in the upper one, show how much 
farther from the forward end of the cylinder, and how much 
nearer to the back end, the piston is, on account of the angular 
vibration of the rod, at the end of each 10^ of the opposite 
quarter-revolutions of the crank. Acceleration passes into 
retardation at the point where the curve crosses the line A.B . 
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The following Table has been prepared for practioal use. It 
gives the coefficients of the accelerating or retarding forces for 
each 5^ of the reyolntion, and for the three proportionate 
lengths of connecting-rod* The force required varies directly 
as the rate of acceleration or retardation, because merely the 
distance is increased or duninished» within which * given 
velocity is imparted or arrested. 



Tabu XV. 

Oivmg ike force reqwred to imjpart or to unrest (he motiom of Ae 
reciprocating parte of an engine, at ike termination of eaek 
interval of&* in ike revolution of the crank, wken ike lengik of 
ike connecting^od i$ equal to 6 eranke, 5 eranke, and 4 cranke ; 
<Ae force eo required on ike dead centre, vfitk connecting^od of 
infinite kngtk^ being taken as 1. 



, 


eeranks. 


CoDnectiog-nid a 
Sonmka. 


Coonectfiur-nds 
Acnnki. 


^ 


Forward end 

of 

cylinder. 


BMkflnd 

of 
Gjllnder. 


Forward end 

of 

tsjlhiAa, 


Backend 

of 
cjlinder. 


Forward end 

of 

cylindar. 


BMMdccnd 

of 


0° 


1-1665 


•8336 


1^2000 


•8000 


1^2602 . 


•7498 


6 


1-1605 


•8322 


1-1900 


•8000 


1^2433 


•7496 


10 


1-1420 


•8283 


1-1730 


•7968 


1^2209 


•7492 


15 


1-1110 


•8211 


1-1410 


•7922 


1^1836 


•7482 


20 


1-0676 


•8115 


1-0942 


•7863 


1^1336 


*7460 


26 


1-0148 


•7981 


1-0377 


•7768 


1-0705 


•7426 


30 


•9608 


•7817 


•9678 


•7638 


•9947 


•7370 


36 


-8780. 


•7610 


•8900 


•7482 


•9091 


•7292 


40 


•7968 


•7361 


•8030 


•7292 


•8139 


•7180 


46 


'7088 


•7068 


•7091 


•7062 


•7114 


•7029 


60 


•6149 


•6710 


•6093 


•6760 


•6021 


•6830 


65 


•6171 


•6300 


•6062. 


•6412 


•4900 


•6672 


60 


•4166 


•6^34 


•4000 


•6000 


•3749 


•6261 


66 


•3148 


•6305 


•2936 


•6619 


•2603 


•6847 


70 


•2134 


•4708 


•1871 


•4970 


•1467 


•6371 


76 


•1130 


•4048 


•0827 


•4347 


•0364 


•4809 


80 


•0164 


•3322 


-•0180 


•3660 


-•6830 


•4156 


85 


-•0791 


•2638 


--1139 


-2886 


-•1668 


•3414 


9(f 


--1694 


•1694 


-•2045 


-2046 


-•2584 


•2684 
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The initial accelerating force for any engine liaving been 
found by the formula given on page 227, this, multiplied into 
the proper column of coefficients given in the above Table, 
according to the proportionate length of the connecting-rod, 
gives a permanent Table for that engine, of the accelerating and 
retarding forces exerted, in pounds on the square inch of piston, 
at each 5° in the revolution of the crank. 

This Table having been found, it may be applied, in the 
manner illustrated below, to fill diagrams taken from that 
engine, and the resulting diagram will represent with absolute 
exactness, less the loss from friction, the pressure on the crank, 
at every point in its revolution. 

We will take, for illustration of this method, diagram Np. 47, 
on page 229, and will assume the initial accelerating force to 
be 46 lbs. on the square inch, as the mean of the two strokes, as 
it is represented in that diagram; and we have to find the 
correction necessary to be applied to the diagonal line G H. 

The accelerating and retarding forces will be as follows, in fl^ 
pounds on the square inch of piston : — 



Degrees. 



0° 

10 
20 
30 
40 
45 
60 
60 
70 
80 
90° 



In forward end 
of (^linder. 



53-659 
52-532 
49-110 
43-737 
36-653 
32-606 
28-285 
19-164 

9-816 
-708 

7-792 



In back end 
of (^linder. 



38-341 
38-102 
37-329 
36-958 
33-861 
32-467 
30-866 
26-836 
21-661 
15-281 
7-792 






% 



V 



We have next to determine the j)ositions of the ordinates on 
which these pressures are to be measured, or the positions of 
the piston corresponding with the above positions of the crank. 
The usual method, which is to set off equal divisions on a semi- 
circle, of which the atmospheric line of the diagram is the 
•ttiameter, so that the intersections of the ordinates with the arc 
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will represent the positionB of the crank, and with the atmoe- 
pherio line the corresponding positions of the piston, would be 
correct if the inequalities we are considering did not exist, bu 
as engines are made at present, it is quite incorrect. To mark 
these points correctly the arc of revolution must be drawn 
separately, and from the divisions on this arc the points on the 
atmospheric line must be marked with compasses set to the 
proper length to represent the connecting-rod* 

No. 57. 



Hrtrt^/y/ \ffol 



l/^f^ufr^v \^ft /^f /'i.%ffi 



^M ?r 



Slab i is t 



;ii r-^= 



*l" 'III mi r» en Jlc .<" i" "' 

I ' I I *,i :■'>> 



These two diagrams, No. 57 and No. 58, are copies of 
diagram No. 47, as these would be taken from the two opposite 
ends of the cylinder. The ordinates having been drawn in the 
manner just directed, the accelerating and retarding forces 
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above given being measured on them from the lines M and 
L H, their extremities are found to fall into the curves E D and 
IE, and we have the figures ABODE and FGHEI, 
representing the actual pressure on the crank at every point in 
its revolution. The pressures on the piston, and those on the 
crank, ure marked on each ordinate. 




It will be observed that the curves I K and E D are perma- 
nent. Whatever the pressure of steam, or the nature of its 
distribution, these remain unchanged. Also, if the steam be cut 
off considerably earlier, or if it follow considerably further than 
is here shown, this will make but little difference in the 
approximate equality of the pressures at the opposite ends of 
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the stroke. This, to one familiar with expansion ounres, will 
be sufficiently obvious, but to give to it an extreme illustration 
the diagrams have been extended to show the steam out off at 
half-stroke. The effeot of the action of the transmitting parts 
is then seen in relieving the crank On the admission, and in 
maintaining the pressure during the latter part of the stroke. 
The contrast shows more clearly the especial and remarkable 
adaptation of this action to equalise the pressure in cases 
precisely as they exist in the best practice, namely, when 
the steam is out off at from one-fourth to one-eighth of the 
stroke. 

The subject of the distribution of the pressure on the crank 
has now been folly examined, and the data provided for deter- 
mining this distribution in eyery case. In the illustrations 
employed the best practice has been shown, in respect both to 
the method of working steam, and the proportionate length of 
connecting-Tod. 
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SECTION IV. 

OF THE EOTATIVE EFFECT OF THE PEESSUEB 
BXEBTED ON THE CEANK. 

We have oonsideTed the pressure exerted on the crank, by the 
combined action of the force of the steam and the inertia of the 
transmitting parts of the engine. We come now to inquire, 
what is the tangential value of this pressure, or its effect in pro- 
ducing rotation, at each point in the revolution of the crank ? 

We will suppose the crank to rotate, as it is commonly sup- 
I>OBed to do, with a uniform velocity. The velocity of the 
piston, on the contrary, is continually changing. On the dead 
centres the pipton has no velocity ; at the end of 1^ from the 
line of centres its velocity, as the mean of the opposite strokes, 
is to that of the crank as 1 * is to 57*8 ; at the angle of 90° only 
the speeds of the two are the same, and the mean speed of the 
crank exceeds that of the piston in the proportion of 1*5708 to 
1*, because it has to traverse one-half the circumference of a 
circle, while the piston is moving a distance only equal to its 
cLiameter. 

We are already familiar with the law that force is the equi- 
valent of distance. The dynamic value of a force acting through 
a given distance is the same as that of a greater force acting 
through a proportionately lesser distance, or of a lesser force 
acting through a proportionately greater distance. If the pro- 
duct of the force into the distance is the same, then the same 
work is done. To produce a given dynamic effect, the force 
must vary inversely as the distance through which it is exerted. 

Let us conceive the transmitting parts of the engine to be 
without weight. The same work is being done at either end of 
ihe connecting-rod, and so the rotative effect on the crank of a 
constant pressure on the piston must vary precisely as the 
velocity of the piston varies. For, the pressure on the piston 
multiplied by its velocity is equal to the rotative effect exerted 
on the crank multiplied by its velocity. But the pressure on 
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the piston and the yelooity of the orank are both, bj supposition, 
constant. Then the other members of the equation — ^the velocitj 
of the piston and the force acting to rotate the crank — vary in 
the same ratio. 

If, therefore, the velocity of the crank, or of the piston when 
the crank is at 90^ be taken to represent the pressure on the 
crank at any other point of its revolution, then the velocity of 
the piston at this latter point, as given in the second column of 
the Tables at the end of the book, will express the tangential 
effect of the pressure at that point ; or —disregarding the effect 
of the angular vibration of iLe connecting-rod — ^if 1- be taken 
to represent both the pressure on the crank and the velocity of 
the piston when the crank is at 90% then the sine of the angle 
will, at every point in the revolution of the crank, express both 
the velocity of the piston and the rotative effect of the pressure 
at that point. 

There are doubtless some who would be glad to examine this 
relation more closely, and for their use the following demon- 
stration is given. 

We will first suppose the pressure to be applied to the crank 
on lines parallel with the line of centres ; as, for example, along 
the lines ED and F M in the following figure, No. 59. Then 
its rotative effect will vary as the sine of the angle which the 
crank forms with the line of centres. This is shown by resolving 
the force into its rectangular components. Let AB, in this 
figure, represent the centre line of an engine, and B F N D the 
circle described by the extremity of the crank. Let the distance 
S B represent the force applied along the line E D, to the crank 
at the point D. Draw the rectangle HSPD, of which the two 
sides H S and PD are parallel with the direction in which the 
crank is at that instant moving. Then either one of these sides 
will represent the effective component of the force, or the ro- 
tative effect produced. If S D is taken equal to P O, the secant 
of the angle which the crank forms with the line of centres, as 
is done in this figure, then D P will be the tangent. But the 
secant of an angle is to the radius as the tangent is to the sine. 
We may, therefore, substitute D, the radius, in place of the 
secant O P, to represent the total force, when the sine Dn will 
represent its effective component. The rotative effect of the 
pressure varies then as the sine of the angle. But we have 
seen, page 214, that under the condition here assumed, of infinite 
length of connectiDg-rod, the velocity of the piston varies as the 
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sine of the angle. Therefore the rotatire effect varies directly as 
the velocity of the piston. 

But the preMmre is not applied to the crank on lines parallel 
with the line of centreSy as is above snpposed, but through the 
connecting-rod. We have seen how the angular vibration of 
this rod modifies the distribution of the pressure on the crank ; 
we have now to inquire in what degree it modifies also the 
rotative effdct of this pressure. 

The vibration of the connecting-rod increases the angle at 
which the force is applied to the crank through the two 
quadrants nearest to tiie cylinder, and in the same degree 
diminishes this angle through the two quadrants farthest from 
it. This is shown in the figure in the preceding page, in which 
A G represents the stroke of the piston, F and D represent 
the crank in opposite positions, and C D and E F represent 
corresponding positions of the connecting-rod. The line FOB 
is produced to H, and KD and M F are drawn parallel with 
AB. Now by construction the angles HDI and OFL are 
equal; but the angle HDO is greater than HDI, and the 
angle OFE is less than OFL, and the angle added to HDI is 
equal to the angle subtracted from OFL. 

How does this modify the tangential e£EiBct of the pressure ? 
To find, for example, the effect of the pressure applied to the 
crank at the point D, along the line D, draw B parallel 
with C D. Then a resolution of the force, as before, will show 
its effective component to be represented by D r, the sine of the 
angle DOB. But by construction the angle N B is equal to 
the angle C D, as is also the angle M F E ; whence it appears, 
that if we add to the angle formed by the crank with the line 
of centres for the half-revolution nearest to the cylinder, and 
subtract from this angle for the half-revolution farthest from it, 
the angle formed with the same line by the connecting-rod, — 
the sine of the sum, or of the difference, of these angles will be 
the co-efficient of the rotative effect of the force. 

We say it appears^ because this conclusion would not be 
correct. It would be correct if the end of the connecting-rod, 
at C for example, were moving along its own axis, in the 
direction C D ; but such is not the case : it is moving instead 
along the line A O. This introduces a new element into the 
problem, which at first glance seems to render it obscure, but by 
the aid of the following diagram, No. 60, we shall readily 
ascertain the additional motion which the piston has on this 
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aooount, in both ends of the cylinder, and bo the additional 
rotative efiect of the force. The connecting-rod is here shown 
four cranks in length for greater deamess of illustration. 

Let A B represent the line of centres, and C B D E the circle 
described by the revolation of the crank. The line C 6 D re- 
presents the crank in opposite positions, and GO and HD re- 
present the corresponding positions of the connecting-rod. A 
and F mark the extremes of the stroke. 

If the connecting-rod had moved from the commencement of 
either stroke continually along its axis, it would now have 
arrived on the forward stroke at the position D M, and on the 
return stroke at the position P. But, moving along the line 
A F, the piston has on the forward stroke moved through F H, 
which is greater than F M by the distance fit H, and on the 
return stroke it has moved through A G, which is greater than 
AF by the distance n G. 

For minute angles, the arcs FG and MH will not differ 
sensibly from tangents of the arcs P n and M m, so that A G will 
be the secant of the arc P n, and F H the secant of the arc 
M 111. The velocity of the piston, or the tangential effect of the 
pressure on the crank, will then be represented by the sine of 
the sum, or of the difference, of the two angles as above- 
multiplied by the secant of the angle formed by the connecting- 
rod with the line of centres. 

This is expressed in the following formula : — 

Let A s the angle formed by the crank with the line of centres 

B = „ „ con.-rod „ „ 

and let B and B' » the rotative effects exerted in the quadrants 
nearest to, and farthest from, the cylinder respectively ; 
Then will B = sin ( A -f B) x sec B 

And E' = sin (A - B) X sec B. 

The following table has been computed by this formula. It 
gives, for intervals of 5° through the revolution of the crank, 
the coefficients of the rotative effect of the pressure, when 4he 
length of the connecting-rod equals 6, 5, and 4 cranks. 

Oonceming this Table it is to be observed that, — 
Ist. These coefficients agree with those for the velocity of the 
piston, obtained by the formula given on page 233. 
If to the mean velocity for any fifth degree, as given in the 
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seoond oolumn of the Tables at the end of the book, there be 
added one-half the acceleration for that degree, and the terminal 
velocity thus found be mnltiplied by the ooDstant 57*3, with 
which we are familiar — expressing the ratio which nnity bears 
to the velocity of the crank per degree of arc, or to the velocity 
of the piston when the crank is at 90° — ^the product will be the 
coefficient given in this Table for the same proportionate length 
of connecting-rod ; the rotative effect of the pressure maintaining 
a constant ratio with the velocity of the piston. In those Tables 
the rotative effect may be found, by the above method, for every 
degree. 

On diagram No. 49, page 26, if the base-line E B be taken to 
represent the pressure on the crank at the end of any degree, 
then the length of the horizontal line representing the velocity 
of the piston at such point will also exhibit the rotative effect of 
such pressure. 

2nd. The difference between the rotative effects of the same 
pressure at corresponding points in the opposite quadrants is 
at the line of centre and at 90^, and culminates at the angle of 
45% where it reaches the following considerable amounts; 
namely, when the connecting-rod equals 6 cranks * 16782, when 
it equals 5 cranks * 202, and when it equals 4 cranks * 25379 of 
the entire pressure. If we compare the rotative effects at this 
point of the opposite quadrants with each other, the difference 
will be found to amount, in the above three cases respectively, 
to 26 * 9 per cent., 33 * 3 per cent., and 43 * 8 per cent. This differ- 
ence is the same at all speeds of the piston. 

3rd. At the angle of 90°, at which point the piston and the 
extremity of the crank are moving with the same velocity, the 
rotative effect is equal to the presi?ure ; and for a considerable 
distance from this point, in the quadrants nearest to the cylinder, 
it is greater than the pressure as the velocity of the piston is 
then greater than that of the crank. 

The angular vibration of the connecting-rod produces two 
entirely separate effects, the difitinction between which should 
be clearly apprehended. 

First, as shown in the preceding section, it increases the 
accbleration and retardation of the piston in the forward end 
of the cylinder and diminishes them in the back end, and thus 
modifies the distribution through the stroke of the pressure 
exerted on the crank ; and this effect varies in amount, as there 
explained, according to the weight of the transmitting parts. 
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and the speed and the length of the stroke, as well as with the 
proportionate length of the rod. 

Second, as shown in this section, it causes the rotative effect 
of the pressure on the crank to ditier in the opposite quadrants ; 
and this effect is not varied by the speed or length of stroke, or 
weight of the ti ansmitting parts, but only by the proportionate 
length, and consequent degree of angular vibration of the rod. 
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SECTION V. 

OF THE TBANSMITTING PABTS OF AN ENGINE, CON 

SIDEBED AS AN EQUALISEB OP MOTION. 

The inTestigatioii throngh whioh we have passed in the pre- 
oeding seotionB enables ns to perceive tke adaptaticxn of these 
parts of an engine to an office widely remote from that which 
they are primarily, and which hitherto they have been solely, 
intended to perform ; namely, that of an equaliser of motion. 

The functions of a fly-wheel have been three: first, to over- 
come sadden resistances ; second, to give the governor time to 
act; and third, to maintain approximately nniform motion 
dnring a revolution ; compensating for the extreme differences 
in the rotative effect of the steam pressure at different points, 
by absorbing the excess when the crank is in its most favourable 
positions, and giving it out again when it is in its most un- 
favourable ones. 

The second of these offices has been abolished. The best 
governors now in use require no time to act. Their action in 
varying the pressure of steam admitted to the cylinder is 
coincident with the changes of resistance, however sudden or 
extreme these may be. 

On the other hand, the improvements in the manner of 
working steam, admitting it at a higher pressure, cutting off 
early, and expanding to a low point at the end of the stroke, 
have, to the varying rotative effect of a constant pressure, added 
enormous differences of pressure at the extremes of each stroke. 

Thus the need of considerable inertia in the fly-wheel, 
increased as it is also by the equal liability of a sudden 
resistance to occur during the latter part of the stroke, has 
become greater than ever. 

The power possessed by the transmitting parts of the engine 
of performing the functions of the fly-wheel is presented in the 
following Tables and diagrams. The degree in which the 
equalising action of these parts may enable size and weight in 
the fly-wheel to be dispensed with, and its special adaptation to 
the requirement, in this respect, of engines working steam most 
economically, as these are here exhibited, will certainly be 
regarded as remarkable. 
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The total steam pressure is taken at 102 lbs. on the square 
inch of piston, agreeing with that shown in diagrams 57 and 68 
on pages 242 and 243. The rotative effects are obtained by 
multiplying the pressures, as figured on those diagrams, by the 
coefficients given in columns 1 and 2 of Table XVI. In the 
following diagrams these effects are measured on the radial lines 
and the scale is 80 lbs. to the inch, or one-half that employed in 
the above diagrams of pressure. 



Table XVIL 

CHving the rotative effeiit of a pressure on the piston of 102 lbs. on 
the square tncA, in the following cases : — 
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Column (a) of this Table and diagram No. 61 represent the 
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No. 61. 
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rotative effect of this pressure, if exerted uniformly through the 
stroke, and communicated to the crank without sensible modifi- 
cation from the inertia of the transmitting parts. 

No, 62. 
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Columns (h) and (c) and diagram No. 62 represent the rota- 
tive effect of the same pressure cutoff at one-sixth of the stroke, 
and also conceived to be transmitted without modification to the 
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crank. Columns (<2) and (e) and diagram No. 63 represent the 
same pressure cut off at the same point of the stroke, but 
modified in its transmission to the crank bj the inertia of the 
transmitting parts, in the degree represented in diagrams 57 
and 68. 

These two last diagrams tell their own story. In the first 
one we fee the single impulse in each half-revolution culmi- 
nating at the opposite points 66, and in the second we find 
this changed into an approximation to uniformity of rotative 
effect, which we shall as we proceed see increasing reason to 
admire. 

If we consider these diagrams we shall observe, that in the 
first one, if the steam is cut off at an earlier point than one- 
sixth of the stroke, then the line ab will be proportionately 
shortened, and to represent the rotative effect produced during 
the expansion, a line in place of the line b e will be drawn, 
nearly parallel with that line but nearer to the circle ; so that 
the difference between the rotative effects in the two quadrants 
of the half-revolation will be still greater than is here shown, 
and will become greater and greater the earlier the steam is cut 
off: while in diagram No. 63 a similar shortening, or a 
lengthening in a considerable degree, of the line a 6, and change 
of position of the line b c, by variation of the point of cut-off, 
will make comparatively little difference in the uniformity of 
rotative effect. 

But the approximation to uniformity of rotative effect obtained 
in this manner cannot be estimated at its real value, unless it 
shall be compared with that which is ordinarily obtained by 
the use of coupled engines. 

It is generally considered that in this respect coupled engines 
possess a twofold advantage : first, in that the aggregate rotative 
effect is nearly uniform throughout the revolution ; and second, 
in that the variations which do occur alternate four times 
during a revolution : so that in engines working expan- 
sively the rotative effect in the two quadrants of each half- 
xevolution, instead of being extremely different, is the same, or 
nearly so. 

The last is tbe great point of advantage of coupled engines 
over single-cylinder engines making the same number of re- 
volutions per minute, and which enables them to be run with 
light fly-wheels without sensible variation in the motion. 

With respect to the first point, however, we shall see that 
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the approaoli to unifcrmity of rotative effect attained by the 
use of coupled engines is much less than is commonly supposed. 



No. 63. 




Diagram No. 64 exhibits the variationB of rotative effect, in the 
case of coupled engines in which the steam follows the piston to 
the end of the stroke, as found by adding together two diagrams 
similar to No. 61, when set at right angles with each other. 
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The total rotiiti ve effects are moaBured from the inner circle ; 
the excessive amounts are shown beyond the onter one on the 
same scale of 80 lbs. to the inch, which is the scale used through- 



No. 64. 




out this section. It is these variations only, which the fly- 
wheel is employed to compensate, with which we are here con- 
cerned ; and we observe that the excess of the highest over the 
lowest rotative effect is equal to 56 lbs. on the square inch of 
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piston, or some 2 lbs. more than the highest pressure shown on 
diagram No. 63. 

Diagram No. 66 exhibits the yariations in the rotative eflfect 

No. 66. 




produced by coupled engines, each making the diagrams of 
steam-pressure shown in No. 47, and that of rotative effect shown 
in No. 62. The total effects are measured from the inner circle. 
These variations, it will be observed, are incomparably more 
serious than those shown in diagram No. 63. 

It has been deemed desirable to exhibit an accurate compari- 
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8on of these two diagramB, Nos. 63 and 65, and Table XVlJLL 
has been prepared for this purpose. 

Line A, in this Table, shows the rotative effect of the pressure 
on orank No. 1 of the coupled engines, at the termination of 
each interval of 10° in its revolution, and corresponds to diagram 
No. 62. Line B shows the rotative effects on crank No. 2 at the 
same instants of time. Line C is the sum of lines A and B, and 
shows the aggregate rotative effects at these points in the revo- 
lution of the shaft. Line D (constant) is the least of these 
aggregate effects, which occurs twice in the revolution, and 
which being subtracted from the line 0, the difference is the 
excess above this least amount at each other point. These are 
seen in line E, and are shown, beyond the outer circle, in 
diagram No. 65. Below these, in line F, the corresponding 
rotative effects, shown in diagram No. 63, are given, copied 
from columns (d) and (e) of Table No. XVII., for ready com- 
parison. The difference in uniformity in favour of the latter 
will be seen to be surprising. 

The fact appears, that if in these two cases the engines could 
be run to make the same number of revolutions per minute, 
then the enormous disadvantage in point of uniformity of rota- 
tive effect which diagram No. 62 shows in comparison with dia- 
gram No. 63, would be remedied by coupling two engines, only 
in the degree represented in diagram No. 65. 

It is curious to observe, that if engines are coupled at right 
angles, the inequalities in the rotative effects are nearly the 
same, whether the inertia of the transmitting parts be little or 
great in amount. This may be illustrated by showing the dia- 
gram of rotative effect got by coupling two engines, each pro- 
ducing diagrams similar to No. 63. Two such diagrams, set at 
9(f with each other, and added together, give the aggregate 
effects shown in the above diagram, No. 66. The total effects 
are measured firom the inner circle. The ezplanatioa of the 
distortion is quite simple. The rotative effects on the two 
cranks at 45° coincide, and those on one crank at OP coincide 
with those on the other at 90°. 

Two things are here made obvious : First, it would be a very 
foolish proceeding to couple two of these engines with the idea 
of improving the uniformity of rotation; and, second, if this 
were done, the result would be quite as good as that which 
would be got by coupling the same engines, if the inertia could 
be got rid of, and each one made diagram No. 62 ; for the two 
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diagrams, Noe. 65 and 66, are Tery much alike, showing the 
Qniformitj of rotative effect seen in diagram No. 63 to be im- 
paired about as much as the want of it shown in diagram 
Mo. 62 is mended, by coupling the engines. It may be thought 



No. 66. 




that a better result can be got by setting the cranks at some 
other angle with each other than 90°. Trials have shown, 
however, that no other angle gives results so good as the above. 



Surprising as are the results of the foregoing comparison, we 
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have as yet only begun to see the benefit which this action coni- 
fers. The same rate of rotation has been assumed in the casea 
compared. In fact, however, the rates are very different. The 
amount of inertia in the transmitting parts required to produce 
the effects shown in diagram No. 63 is most readily developed 
by employing high-piston speed combined with a rather short 
stroke, and so giving rapid rotation to the shaft. The revolu- 
tions made by the engine here employed to illustrate this 
action are 140 per minute. {See pages 205-6 and 228.) EngincB 
in ordinary use hitherto, to exert the same power, make from 50 
to 60 revolutions per minute, but for convenience of comparison 
we will assume them to make 70 revolutions. At 140 per 
minute, one revolution is performed in the same time with a 
half-revolution at 70 per minute ; and in comparing the irregu^ 
larities in rotative effect in different cases,, which must be com- 
pensated in order that uniform motion may be maintained, 
those which occur in equal intervals of time must be compared 
with each other. 

In diagram No. 67, on the next page, fig. 1 represents, during 
a half-revolution of the crank, the variation in. the rotative effect 
resulting from cutting off at one-sixth of the stroke, in a single 
cylinder, the inertia of the transmitting parts being conceived 
to be insensible in amount.. It corresponds to one-half of dia-. 
gram No. 62. 

Fig. 2 represents, iii a similar manner, the variations in the 
total rotative effect during a half-revolution, when two engines, 
each producing the effect shown in fig. 1, are coupled at right 
angles. It corresponds to one-half of diagram No.. 65.. The 
aggregate effect is shown; the variations are measured from 
the dotted line. 

Fig. 8 represents these variations during a complete revolu- 
tion, performed in the same time with the half-revolution in the 
above cases, of a single engine, cutting off also at one-sixth of 
the stroke, but in which the inertia of the transmitting parts 
is made available in equalising, the rotative effects*. It oorre^* 
sponds to diagram No./63. In all the figures dotted ordinates 
are drawn at intervals of 10°. 

In comparing the inequalities in the last two cases, we see 
that those shown in fig. 8 have in reality only one-h^lf tbo 
relative duration that is assumed in line F of Table XVIII. 
The rise and fall are rapid,, and the approximately uniform 
effect continues during twQ-thirds of each semi-revolution; 
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while in fig. 2 we see exoesses confiiderably greater separated 
by intervals twice as long. 

The columns below exhibit together the real irregularities 
which occur in the two cases in equal times. Column (1) 
gives the rotative effects shown in fig. 3 at intervals of 10^ 
These, being for an entire revolution, continually repeat 
themselves; but the irregularities shown in diagram No. 65 
are much greater during the return, than during the 
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forward, stroke of the piston. In fig. 2, diagram 67, these 
irregularities for the first and third quadrants, being respec- 
tively the least and the greatest, are shown. In this tabular 
comparison, however, all should be given ; therefore column (2) 
gives the excesses of rotative effect as shown on diagram No. 65 
during the forward, and column (3) gives those during the 
retuin, stroke. 

A careful study of this Table and the figures will give a 
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oorreot apprehension of the great difference in the amount of 
regulating power required to produce an equally dose approxi- 
mation to tmiform rotation in the two cases. 

But, moreoTcr, in the case of the single engine the fly-wheel 
makes two rcTolulions, while in that of the coupled engine it 
is making one. The dynamical energy, or living force, of the 
same wheel is therefore four times as great in the former case 
as it is in the latter ; or, with the same diameter, one-fourth of 
the weight possesses the same equalising power. If, however, 
instead of reducing the weight, the diameter of the wheel were 
in the former case reduced one-half, and its weight kept the 
same, we should then, in the two cases, have equal weights 
moving with the same velocity, and so possessing the same 
equalising power. 

The increased speed, then, enables us also to employ, to exert 
a given equalising effect, a fly-wheel of only one-fourth the 
weight with the same diameter, or of one-half the diameter with 
the same weight — the equalising power at a given number of 
revolutions per minute, of a wheel of a given section of rim 
varying as the cube of the diameter. 

This comparison, it must not be forgotten, is made with the 
light fly-wheel required by coupled engines making 70 revolu- 
tions per minute. To estimate correctly, however, the extent 
to which this development of the equalising power of the trans- 
mitting parts enables the fly-wheel to be dispensed with, the 
comparison must be made with the requirement of a single- 
cylinder engine, making about 60 revolutions per minute, and 
of a size sufficient to give, at that speed, the power that is 
furnished by the coupled engines at 70 revolutions, or by a 
single engine of the same dimensions at 140 revolutions per 
minute. 

These results are obtained mainly by the employment of rapid 
reciprocation — frequent changes in the direction of the piston's 
motion — an action which has been the traditional dread of 
engineers, but a proper understanding of which strips it of its 
terrors, and will hereafter enable it to be employed with this 
excellent advantage. 
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A RIDE ON A BUFFER-BEAM. 



The following aooount of a ride on a buffer-beam was printed as 
an Appendix to the first edition : — 

While this pamphlet was in the press, the Author enjoyed the 
privilege, through the courtesy of Mr. Sinclair, Engineer of 
the Great Eastern Bailway, of making a trip from London to 
Yarmouth and back, in company with Mr. Zerah Oolbum, on 
the buffer-beam of an express engine ; and it has occurred to 
him that an account of the method employed for taking dia- 
grams and making the necessary observations would probably 
be interesting and useful to those who might wish to apply 
the Indicator in a similar manner. 

The locomotive was one of the largest class, having outside 
cylinders of 16 in. bore and 24 in. stroke, and 7 ft. 1 in. driving- 
wheels, making 237 revolutions to the mile. The number of 
revolutions actually made rose occasionally to 250, and even to 
260 per minute, the latter giving a speed at the rate of 66 miles 
per hour. The diagrams were taken from the forward end only 
of each cylinder. Short bent pipes, of f " internal diameter, 
were screwed into the cylinder-covers as near to the upper 
side as possible, and to the ends of these the Indicators were 
attached. A platform was laid over the buffer-beam, and en- 
closed with a stout iron railing, the ends of which were bolted 
to the smoke-box. Comfortable seats were provided, on one of 
which each operator sat, quite secure, with his back to the wind 
and the Indicator between his knees. 

The method employed for giving motion to the paper was 
very simple. A bar of light angle-iron, bent in the form A, 
was bolted on the upper guide-bar ; and at the apex, about 
three feet above the centre line of the engine, a pin was set, pro- 
jecting horizontally outward. A light-arm swung from this 
pin, and received a vibratory motion from a pin projecting from 
the cro8s«head, and working in a slot, in the lower end of the 
arm. A button-headed pin was inserted in this arm, about 
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7" below the point of Buspension, and to this a oord was 
attached, leading direotly to the Indioator, giving to the paper 
a motion of abont 4j^". It had been fonnd, at the highest 
speeds, to be a very tronblesome operation to hook on to the 
loop at the end of this oord with the small hook with which the 
Indicator cord is famished ; a brass ring an inch and a qnarter 
in diameter was therefore snbstitnted for the loop, and a hook 
provided of corresponding size. The ring was also secured in 
position by two other cords, so that it could move the required 
distance back and forth, but would not faU, when disengaged, 
where it could not be readily seized. By this means it was 
found that the connection could easily be made at any speed. 

It was arranged with the engine-driver that he should not 
run at any time with the throttle-valve partially closed, but 
should keep this quite open, when it was open at all, and should 
vary the power exerted by the engine, as should be required, 
entirely by changing the point of cut-off. 

It was desirable that as large a number of diagrams should 
be taken as possible, because the number of carriages was 
changed at almost every station, the gradient up or down 
which the train was moving continually varied, curves of 
longer or shorter radius occurred occasionally, and the speed 
attained, and the point at which the steam was cut off, scarcely 
ever remained the same for more than a few minutes con- 
secutively ; so that, however frequently the diagrams might be 
taken, very few of them would be quite the same. The more 
nearly level and direct a road is, the less, of course, the changes 
in these conditions will be, both in amount and frequency. At 
the same time it was important to know precisely what the 
conditions were which would determine or affect the form of 
the diagram — ^namely, the pressure of steam, the point of cut- 
off, the number of revolutions making per minute, the gradient, 
the curve, and the weight of the train — at the instant when 
each diagram was taken. 

The plan hit upon for obtaining these data was as follows : — 
The two operators applied themselves without interruption to 
taking diagnuns, each being able to take about one per minute 
when moving slowly, and one in a minute and a half when 
going at full speed. Those from one cylinder were numbered 
in order, and those from the other were distinguished by 
letters, each repetition of the alphabet being numbered, com- 
mencing Oy a 1, a 2, and so on. We were accompanied by 
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Mr. Maw, from Mr. Sinclair's office, who, standing between ns, 
noted, in a book prepared for the purpose, the moment of 
passing each quarter-mile postj and of passing oh to each 
gradient, and of taking each diagram, the number or letter 
being called out to him. 

An assistant on the foot-plate of the engine noted, in like 
manner, the changes in the pressure of the steam, and of tbe 
notch of the quadrant in which the engine was run. The fuel 
consumed was likewise weighed, and the water measured, and 
at each station the number of carriages was noted. It became 
thus a very simple matter to minute afterwards on each 
diagram accurately all the conditions under which it was 
taken, and then to observe the power required to move dif- 
ferent numbers of carriages at different speeds, and on different 
gradients, or around different curves ; and at least one diagram 
being obtained on nearly every gradient and curve, and the 
time occupied in running over each being known, the whole 
power exerted during the trip could be very closely approxi- 
mated to, and the consumption of fuel and of water per horse- 
power per hour could be ascertained, and of course the action 
of the steam at every speed and at each point of cut-off was 
completely revealed. Also the diagrams taken at an accele- 
rating speed, when the momentum of the train was being 
accumulated, could be distinguished with certainty from those 
taken at a uniform speed, and which showed only the power 
required ix) maintain an equilibrium with the retarding forces. 
A remarkable feature of these diagrams was Ihe very trifling 
back pressure exhibited, which was accounted for by tiie width 
of the ports 1^", and the size of the blast orifice, 5' diameter. 

Diagrams from locomotive engines, on account of the great 
variety of speeds and points of cut-off at which they are taken, 
and the variations which they exhibit in the power exerted, are 
of higher general interest, in some respects, than those obtained 
from either stationary or marine engines ; and a careful study 
of them may confidently be expected to throw light on some 
questions, about which engineers now differ in opinion. They 
show at once, for example, at what speed of piston a certain area 
of port ceases to be* sufficient for a given diameter of cylinder, 
and precisely how velocity pf piston in different degrees affects 
the pressure obtained. 

This is illustrated in a remarkable manner in cut No. 19, 
where are shown two diagrams, taken on this trip, when the 
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engine was oarrying the same pTeasnie of steam, and was 
running in the same notoh of the quadrant, and^ of course, 
therefore, cutting off the steam at the same point of the stroke. 
The diagram shown in the heavier line was taken at a speed 




not exceeding 60 revolntioiis per minute, and the one dis- 
tinguished by a lighter line was taken with the same instru- 
ment five minutes later, at the extreme velocity of 260 revolu- 
tions, or 1040 feet travel of piston per minute. The scale of 
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the Indicator was 40 lbs. to the inch, and the boiler pressure 
120 lbs. on the square inch, which the more excessive com- 
pression made at the higher velocity caused for an instant to 
be nearly reached in the cylinder. 

Much, among other things, may also be learned from these 
diagrams from locomotives upon that most important and vexed 
question — ^In what degree the cylinder acts as a condenser of 
the entering steam, and by what means and in what degree in 
non-condensing engines this vicious action may be corrected ; 
and what, on the other hand, tends to aggravate it ? 

These diagrams are taken under fewer difficulties than would 
be at first imagined, if the weather is pleasant, and the proper 
provision is made for the comfort and security of the operators. 
The principal difficulty is from the wind, which, at very high 
speed, approaches more nearly to a hurricane than anything 
that one is able to experience in this latitude in any other way, 
and the labour of resisting it becomes quite wearisome, if the 
operator is not somewhat protected from its force. No un- 
pleasant sensation whatever is produced by the rapid motion, 
the passing of trains is scarcely observed, and if no accident 
happens, there is no danger more than in the carriages. Gk>od 
weather is essential to the satisfactory accomplishment of the 
objects of such an excursion. 
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STEAM ENGINE INDICATOR. 



This Indicator has been designed to meet the long-felt want of 
a reliable inKtrument, to rapidly and accurately obtain diagrams 
from either slow or quick running engines. 
Its advantages are : — 

SmaU movement of parts connected to tracing point 

The piston and tracer fiased together as one solid piece. 

No loose joints or parallel motion. 

The hearings are free from friction. 

The tracing pointer easily adjusted. 

The spring being outside the cylinder^ not subject h steam 
temperature. 

Hie spring easily changed without moving any other part of (he 
instrument. 

The diagram paper very easily placed in position and removed 
more guichly than with any other indicator. 

The control spring of the paper slide adjustable from the outside. 

The moving parts very light. 

With lining attachment^ friction and inertia reduced to a 
minimum. 

CONSTBUCTION. 

The Piston. 

The piston consists of two tongues, or leaves, standing out 
from opposite sides of the piston rod, the rod passing through 
both ends of the cylinder; the leaves forming the piston 
reciprocate in a rotary manner between abutments from 
opposite sides of the inner periphery of the cylinder. These 
abutments fit the piston rod between the leaves of the piston ; 
the steam, after passing the stopcock (which is connected to 
the indicator by ball fittings, thus allowing the indicator to 
be set at an angle), is di^ded, and each half enters the 

T 2 
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cylinder near the abutments on opposite 9ide$ or diameters, thus 
acting upon both leaves of the piston with equal pressure ; and 
the piston and piston rod, carrying the tracing point fixed on 
one end, are turned in a rotary direction. 

With the reciprocating rotary motion there is very little 

Indioatob abbangbd fob taking Plain Diagbams. 




About half full 9ize. 



movement against gravity, as the piston and piston rod, 
carrying the tracer, only partly revolve in the fitting of the 
piston rod. 

The piston is accurately turned, so that it is just free of the 
cylinder ; it will therefore be seen that there -is no sideway 
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ptessTire, and the piston cannot be driven against the walls of 
the cylinder by the escaping steam. 

The piston, 'being steel, does not expand so much as the 
cylinder ; there is, consequently, no fear of binding when hot. 

Indioatob arbanged fob taking Line Diagbams. 




About half full size. 



The Spring. 

The spring is double coiled from one piece of wire; the 
cross piece of wire joining the two coils is held in a V slot in 
the end of the piston rod by a spii-al grooved cap; the other 
ends of the spring are fixed to a small plate having two per- 
forations, which fit on two steel pins standing out from one end 
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of the oylinder. The npring offering a re8i8tanoe eqnallj mi 
both Bides, the piston rod and traoer reoiprooate in a rotary 
direction without friction. 



< 

M 



I 



S 

^ 




The Tracer. 

The tracer can have a brass point for metallic paper, lead 
point for plain paper, or a hard steel point for marking on oar 
special black-faced paper ; in the latter case thoi-e is no sharpei]^- 
ing of points^ and the diagram will not fade. 
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Paper Slide. . ' 

The paper is held in a cylindrical form, concentric with the^ 

pistto' todr in light spring clips at each end of a sliding bar; 

from one end of the bar a cord is taken once round a pnlley 

to which it is fixed. ■ From the other end of the sliding bar a 




cord is taken round the other side of the pulley ; then, passing 
between guide pulleys, it is attached to the engine in the usual 
way. The spindle on which the pulley revolves is a steel tube, 
the control spring passing through the centre, one end of the 
spring being fixed to the drum, the other end io a milled head. 
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baying a orofis pin to engage in leoesBes ronnd the bottom edge 
of the Bteel tube, to regulate the strength of sprilkg. 

The drum and eliding bar are alnmininm, and are very 
light. 

For very high speed (over 600 revolutions) ibe spring can 

FACsoaiii or Duobams tauen with thb Wathx Ihdioatob. 

OBDINABT DUOBAM. 



500 RevohUUma per Minute, 

IJHS DUOBAK. 




500 RevotuUone per Minute. 

be released and plaoed in a middle position, so that there may 
be a little torsion at each end of the stroke. A cord attached 
to each end of the sliding bar is passed round opposite sides of 
the drum, and connected to a disc or drum, which drum is 
reciprocated by a connection to the engine. By this arrange- 
ment very fine diagrams at high speeds can be taken. 
) 

Line Diagram Attachment. 

An arrangement is provided for taking the diagram in parts 
or lines, with a mechanically limited stroke for increase of 
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pressure at the steam end of the line, and a corresponding 
down stroke on the expansion part of the line. This limiting 
is arranged by a segment of a worm wheel mounted oonoentrio 
with the piston rod. 

A steel tongue, mounted on a worm wheel, passes through a 
hole in the piston rod, and is attached to the worm wheel by a 
screw passing through an elongated hole in the steel tongue, so 
that for each fall and rise of steam pressure, the piston can 
only rotate through an angle equal to the loss of time in the 
hole. The tracer moves about one-eighth of an inch for each 
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ZOQO Bevciutifm per Minute. 

LINE niAGBAlL 




1000 Revolutima per Minute, 

stroke of the engine. By turning the worm from the atmo- 
spheric line, the tracer will move over the full range of the 
diagram. 

This liniDg arrangement is put on or taken off in a few 
seconds ; the stem is slipped between the horns provided on top 
of the cylinder, the pin passed through a hole in the piston rod, 
and the milled head screwed up. 

The advantage of the lining or checking arrangement is, that 
the indicator will give a correct diagram at very high speeds ; 
and at all speeds weaker springs may be used, giving large 
and accurate diagrams. 
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mSTBUCTIONS FOB WOBKINQ. 

Use only thin dean oil as a Inbrioant ; we reoomniend gas 
engine cylinder oil. 

In using the Indicator, first see that it is waII cleaned and 
free from dirt. This can easily be proved at any time by 
taking off the spring and trying if the piston is free. . 

Well blow out the steam ways, and fix the Indicator on the 
cook in the most convenient position for use, so that the cord 
will have the straightest ran t<» the engine attachment. 

Adjust pressure of tracer on paper, which can be done by the 
screw nut at the bottom of cone ; if the point is just clear of 
the paper before bringing the slide forward, it will be right : 
before putting in the paper, bring the paper slide to its forward 
position ; then press the tracing point ont to the bottom of the 
recess in the fixed cnrved guide. The point should be in the 
centre of this recess ; if it comes on one edge it may tea^ the 
paper. 

If necessary, adjust pressure with the screwed nut ; this nut 
must not be loose. 

The centre wire passes through a small tube or sleeve ; the 
end of this tube is sprung, and should clip the wire tight 
enough to prevent it slipping, and is intended for a coarse 
adjustment of the point. This tube plunges freely through 
the nut, and is held forward by the light spiral spring. The 
nut is screwed into the large end of the t^iper tube; by 
screwing this nut in or out gives a fine adjustment to the point. 
The wire must not be bent. Before taking a diagram, see that 
the wire and its tube fittings are free. Tne wire can be with- 
drawn for sharpening. All these parts must be quite clean, as 
dirt will prevent the plunging movement and tear the paper. 
The wire and nut may be taken out, and all the parts cleaned 
in a pot of paraffin. 

To place the paper in position, take the paper by the lower 
comers with each hand, keeping the paper taut, and pass it 
down the spring clips and parallel with the slide ; if working 
at high speeds, give a little rubbing pressure on the curved 
springs, which will press the paper in the recess, and make it 
impossible to slip. 

When using the white paper, the brass point soon gets 
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polished, and increase of pressure will not make it mark ; the 
point should be re-sharpened and the polished surface taken off. 

The Indicator should be well cleaned and dried directly after 
use, as the steel piston may rust ; if the 
steel wire has been used in the tracer 
this should also be cleaned and dried. 

Always use the hard steel point for 
black paper, which gives a very fine line. 

When placing the spring on the in- 
strument, first see that the cross slot of 
the cap A corresponds with the V slot in 
the piston Tod P; then place the cross 
wire B, of the spring 8, in the slot, and 
turn the piston rod to bring the holes in 
the spring plate D to the two steel studs 
C (the spring plate D should slide on 
these studs freely but without shake); 
then press the spring on, and turn the 
cap A on the piston rod; the spiral 
grooves will then press the cross wire of 
the spring in the V slot (the handle of 
the screw-driver is arranged for turning 
this cap). 

When using the strong springs, see 
that the cap is not screwed too far on 
the piston rod P, or the cross wire will 
fit the V before the spiral grooves can 
engage the wire, and when fine springs 
are used, unless the cap is screwed on 
far enough, the cross wire may come to 
the end of the spiral grooves instead of 

being pressed down in the V ; the tapped end of the cap A 
should be kept sprung in, so that it will fit the piston rod 
tightly but evenly. (For very high speed we advise apectoZ 
springe.) 

Warm up the Indicator and take atmospheric line. 

When leady, bring the paper slide to its forward position. 

Care must be taken that the proper torsion is given on the 
drum spring for high speeds by turning the milled nut at the 
bottom of steel spindle. If the spring is left with too great a 
torsion, the diagram will be distorted by the leaning of the 
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steam line in one direction, and if too ^little torsion be given, by 
a leaning in the opposite direction. 

As the instruments are sent oilt, the drum springs will be 
right for speeds np to 500. 

The paper slide must be kept dean and quite free. 

To take a diagram with the lining arrangement, first find 
the atmospheric line by turning the worm till the tracer can be 
moved a little up and down by pressing it ; in other words, the 
elongated hole in the steel tongue must move freely on the 
screw fixed to the worm wheeL 

The atmospheric line should then be taken (or the lining 
arrangement may be removed to take the atmospheric line). 
The steam should then be turned on, and the paper slide 
brought forward; the worm should next be turned by the 
small handle till the diagram is complete — that is, till the 
8tea^l is not strong enough to lift the tracer. The best speed 
to turn the worm can easily be determined by experiment 
according to the speed of revolution of the engine ; as a general 
rule it will be found convenient to make the diagram with 
about 18 to 20 lines per inch of height. 
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LIST OF SPRINGS FOB WAYNE'S INDICATOR. 



Eholmh Ubasdbi. 


llBISIO HUSDBl. 




Sc«l« 


Range in Pounds. 


Scale 


Range in EUogrammfls. 


Naof 


per lb. 






per Kilo. 
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squrec/m. 




Spring. 
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09 


8 


Th 
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46 
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84 


9 


A 
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6 


47 
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10 


A 
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4 


76 
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37 


11 


^ 
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4 


20 
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12 


^ 
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3 


76 
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89 


A 


i 
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+ 


72 


25 
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00 
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39 
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+ 100 


9 


03 
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M 
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02 
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66 
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N.B. — ^ &o., on the Scale = 1 lb. pressure per sq. inch. 60*21, &c., m/m on 
the Scale = 1 Kilogramme per sq. c/m. 
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REFERENCE TO DIAGRAMS. 
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